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ABSTRACT
PION ABSORPTION ON POLARIZED 
LITHIUM-7 AT 165 MEV
Thomas A. Greco 
Old Dominion University, 1996 
Director: Dr. Andreas Klein
Pion absorption is not well understood. Cross section data alone does not 
provide a complete description since the cross section tends to  be sensitive only to 
the spin-independent term s in the transition am plitude. Polarization observables 
are thus necessary to  com plete the picture. In this experiment, analyzing powers 
for the reaction 'L i(x+ ,pp)5He a t T*. =  165 MeV were measured a t the Paul 
Scherrer Institut, Switzerland. The em itted protons were detected with the SUSI 
spectrometer at 38° in coincidence with an array of five scintillator telescopes 
centered around the quasi-free angle for absorption on a  nucleon pair. Theoretical 
predictions were made using a  Distorted Wave Impulse Approximation (DWIA) 
and assuming th a t the absorption occurs on deuteron-like nucleon pairs. The 
measured analyzing powers were found to  be consistent with zero in complete 
disagreement w ith the DWIA predictions. The reason for the discrepancy may 
be attributed to the reaction mechanism and the nuclear structure input to the 
DWIA, indicating a need for a more microscopic calculation.
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In the mid 1930’s, Yukawa made the  analogy tha t, just as the  Coulomb force 
originates from the  exchange of a  virtual photon, the nucleon-nucleon interaction 
is mediated by the exchange of virtual mesons [3]. In this picture, the meson field 
outside a point source is given by the Yukawa potential:
W  (1)
where g is the field strength, r  is the radial distance from the source and m  is the 
mass of the field quantum . Essentially, this is similar to the Coulomb potential 
with an exponential damping factor whose range, r 0  =  h /m c , depends inversely 
on the mass of the field quantum . Thus, as the mass falls to  zero, the range 
extends to infinity and the familiar Coulomb form is recovered.
The mass dependence of (1) hands responsibility for the  long range part of 
the nucleon-nucleon interaction to the meson with the lowest mass. The lightest 
meson is the 7r-meson also known as the pion or simply, tt. The pion has zero 
intrinsic spin, negative parity and is an isospin triplet with mass m z± =  139.6 
MeV and m„o =  135.0 MeV.
The interaction cross section for pion-nucleon (7tN) scattering exhibits reso­
nant structures a t 180 MeV, 600 MeV and 870 MeV with a pronounced isospin
1
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dependence. Of particular interest is the strong resonance which occurs in the
total ttN cross section near Tr  =  180 MeV (Figure 1). This is a  p-wave resonance 
with channel isospin T = 3/2 , channel spin J= 3 /2  and a mass of 1232 M eV/c2, 
and i s  commonly referred to as the A(1232) or P 3 3  resonance. Because it is a 
strong, low energy resonance, there is a good probability th a t nucleons inside a 
nucleus may be excited to  become a A. Further, the w idth of the A, r=120 MeV, 
corresponds to  a range of hc/T  ~  1.5 fm which is comparable to internucleon 
separations and, hence, AN interactions within the nucleus are likely to occur. 
The strongly interacting A  m ust, therefore, have a  profound influence on any 
pion-nucleus interaction [3].
The isospin dependence of the ~N interaction is clearly displayed by the differ­
ence in strength between ?r+p and 7r_p scattering in the region of the A  resonance. 
The isospin eigenstates for " +p and 7r"p  may be expanded in term s of a complete 
set of states in the total isospin for the ttN system (T  =  | , | ) ,  yielding
be defined for each value of the total isospin, independent of the projection,
Assuming charge independence of the nuclear force, a scattering am plitude may
where S  is the transition m atrix. The cross section is proportional to the square 
of the scattering amplitude. In term s of / 3 / 2  and / j / 2  then, the  7r+p and x~p 
elastic cross sections may be expressed as
<t(tt+p -► ir+p) oc I/3 / 2 I2 (6 ) 
(7 )
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PION KINETIC ENERGY IN MeV
1500 2000
Figure 1 : Total cross sections for 7r+p and 7r~p scattering as a function of pion lab 
momentum. The large resonance near Tr ~  180 MeV corresponds to  the T = 3 /2 , 
J= 3 /2  channel and is known as the A(1232) or P 3 3  resonance [1].
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If the T  =  |  channel is assumed to  be dominant, then / i / 2  may be neglected and 
the ratio of the cross sections above yields
- > * + „ )  ^  9
<T{TT~p —* 71 p j
This simple calculation agrees particularly well with the observed ratio and serves 
to validate the assumption th a t, a t pion energies near the  A  resonance, 7tN scat­
tering in the T = 3 /2  channel is dom inant. From a  practical standpoint, this phe­
nomenon has been used successfully to probe differences in the neutron and proton 
densities within the nucleus [3].
1.1.1 P ion A bsorption
A unique aspect of pion interactions arises from the fact th a t, being a boson, the 
pion need not appear in the  final s ta te  since there is no conservation of boson 
num ber. A reaction in which th e  incident pion is absent from the final s ta te  is 
referred to as absorption. As is apparent from Figure 2, absorption constitutes 
a significant fraction of the to ta l reaction cross section over an extensive range 
of nuclear mass number, A  [5]. Furtherm ore, the dependence of the absorption 
cross section on mass num ber scales roughly as the nuclear surface area, A2/3, 
indicating that the pion reacts so strongly tha t it does not penetrate far into the 
nuclear interior before absorption occurs. In addition, the  energy dependence of 
the absorption cross section is strongly peaked in the region of the A  resonance 
(Figure 3). Therefore, a  com plete description of pion interactions requires detailed 
knowledge of pion absorption and the role of the A  therein.
Pion absorption on a  free nucleon is forbidden by energy and m om entum  con­
servation. Absorption by a single bound nucleon is kinematically possible, but 
highly unlikely. Consider the absorption of a pion a t rest. The rest energy of the 
pion is converted into kinetic energy carried by the absorbing nucleon. By conser­
vation of momentum, the nucleon m om entum  must remain unchanged since the 
pion is absorbed a t rest. In other words, the pion m ust be absorbed by a  nucleon 
having m om entum pw ~  530 M eV /c which is more than twice the  typical nuclear 
Fermi momentum. Therefore, single nucleon absorption is strongly suppressed [1 ].
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£
C3
PION-NUCLEUS REACTION CROSS SECTIONS
to t
In- = 165 MeV
ABSORPTION
INELASTIC
•  SINGLE CHARGE EXCHANGE“ 
(ESTIMATE)
10
5 10 20 50 100 200 A2
Figure 2: Comparison of reaction cross sections for 165 MeV 7r+ reactions as a 
function of nuclear mass num ber, A. The absorption cross section makes up a 
significant fraction of the total over the entire range of A  shown.[5]
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7 T * - 'tC c r o s s  s e c t io n s
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Figure 3: Energy dependence of 7rN reaction cross sections shown for 12C in the 
region of the A resonance. The absorption cross section most clearly displays the 
signature of the A . [4]
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<*("+>PP)
Absorption on two or more nucleons is favored over single nucleon absorption due 
to the available recoil mom entum. The most simple case is absorption on two 
nucleons. The only bound system formed of two nucleons is the  deuteron. The 
deuteron is a bound 3Sj proton-neutron pair. Its simple composition minimizes 
tin* possibility of initial or final state interactions. This makes the deuteron an 
excellent candidate for studying two nucleon absorption. For example, consider 
the d(;r+,pp) cross section shown in Figure 4. The cross section peaks in the region 
of the A resonance. This suggests th a t the two nucleon absorption mechanism in 
the resonance region is dominated by the formation of an interm ediate AN state 
as depicted in Figure 5. The pion is absorbed by one of the nucleons, forming a  A. 
The A propagates and subsequently decays into a  7r and a  nucleon. The secondary 
-  is then absorbed by the nucleon which was not involved in the  formation of the 
A.
Quasi-Deuteron A bsorption
For nuclei with A >  2, several mechanisms are possible by which the pion may 
absorbed. As seen in th e  resonance region for deuterium, the  process 7rd —> AN 
—► NN is dominant. In heavier nuclei, nucleon pairs having isospin of either T = 0  
or T = 1  are possible. However, absorption on T = 1  pairs leads to  NN final states 
with T = 0, forbidding the formation of intermediate AN states. Therefore, p- 
wave absorption occurs predominantly on 3Si deuteron-like pairs known as quasi- 
deuttrons. Pion absorption on quasi-deuterons is appropriately term ed quasi- 
deuteron absorption (QDA). Further, the quasi-deuterons may exist in several 
states of relative orbital angular momentum, L, with respect to  the  core nucleus. 
In the case of absorption with L=0, corresponding to zero recoil of the residual 
nucleus, the reaction is described as being quasi-free since the reaction kinematics 
are identical to free 7rd absorption modified only by the binding of the quasi- 
deuteron to the core.
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Figure 4: Absorption cross section for 7r+ absorption on deuterium . [1 ]
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Figure 5: Feynman diagram depicting jr absorption on deuterium  with the for­
mation of an interm ediate A  particle. When the  A  decays, it em its a  x which 
is then absorbed by the  other nucleon, completing th e  two-nucleon absorption 
mechanism.
The dominance of the QDA mechanism has been investigated both experi­
mentally and theoretically. As shown in Figure 6 , th e  angular distribution of 
protons from the reaction 1 2 C (x+,pp) at T„ =  165 MeV peaks a t the quasi-free 
angle indicating a  strong contribution from QDA [6 ]. The shape of the angular 
distributions for pion absorption in light nuclei also agrees remarkably well with 
the free d (x +,pp) case [8 ]. Furtherm ore, it is estim ated th a t QDA accounts for 
30% to 40% of the to tal absorption cross section [7]. Hence, QDA can be a useful 
tool in pion absorption studies on nuclei with A >  2.
1.2 Pion Absorption on 'Li
This experim ent is a  study of positive pion absorption on polarized 7Li in the re­
gion of the A resonance with two protons in the final s ta te  detected in coincidence. 
The goal is to  m easure the vector and tensor analyzing powers. This particular 
choice of beam and target complement an earlier study of the quasi-free knockout 
reaction, 7 Li(x+, x +p) [9]. In general, the 7Li nucleus is suitable for the study 
of nuclear reactions because it has a relatively simple structure yet it exhibits
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.





u L l i
20 -80  -100 -120
9 (deg.)
Figure 6 : Angular distribution of protons from 1 2 C(7T+,pp) a t T„. =  165 MeV. 
One proton is observed at 9pl =  130°. The arrow at Of  indicates the angle at 
which the second proton would be if the absorption were on a free deuteron.
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the effects of more complicated nuclei such as spin-orbit interactions and short- 
range NN correlations [10]. The motivation for studying the 'L i(7r+,pp) reaction 
is based on the fact tha t the pion absorption mechanism is not well understood. 
Cross section measurements alone cannot provide a  complete description since 
they are mostly insensitive to  spin effects. Thus, since the nuclear force is spin 
dependent, the measurement of spin observables is also necessary.
Spin degrees of freedom in pion interactions are only accessible through polar­
ized nuclei. Recent progress in dynamic polarization techniques has made avail­
able several nuclear targets with sufficient polarization for nuclear reaction studies. 
Analyzing powers have been measured for pion interactions including elastic scat­
tering from 3He [1 1 ], 13C [12] [13], and 15N [14], elastic and inelastic scattering 
from 6Li [15] and 'Li [10], quasi-elastic scattering from 'Li [9], single charge ex­
change on 13C [16], and 7rd absorption [17]. In the case of 3 He, good agreement 
was obtained between experiment and theory. For elastic and inelastic scattering 
from 6Li the measured analyzing powers were very large while the corresponding 
‘ Li measurements showed extremely small analyzing powers. For the quasi-free 
reaction on 7 Li, large analyzing powers were predicted by theory yet the measured 
analyzing powers were found to be zero. W ith the heavier nuclei, 13C and 1 5 N, 
the analyzing powers were either zero or very small in contradiction of theoretical 
predictions. Only in the free d(7r+,pp) case were polarization observables mea­
sured for pion absorption. In the region of the A  resonance, the 7rd analyzing 
powers were very small and indicated a sign change. Some of the theoretical work 
indicated a strong dependence of the analyzing power on the nuclear structure 
input to the models.
The experiments surveyed above cover all of the  possible pion interactions. 
However, the case of pion absorption has only been studied in a two nucleon sys­
tem  (d). The discrepancies between theory and experiment are generally not well 
understood but are speculated to be due in part to nuclear structure as well as the 
reaction mechanism. In addition, distorted wave impulse approximation calcula­
tions of Chant and Roos [18] point out the possibility of geometrical polarizations 
arising from differential attenuation of the incoming and outgoing particles which
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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may contribute to  the observed analyzing powers.
Since absorption accounts for a m ajor portion of the total pion-nucleus reac­
tion cross section, a study of pion absorption on polarized 7Li may provide the 
additional information needed to constrain the input to the theoretical models.




In the analysis of scattering reactions, the  transition am plitude taking the system 
from an initial s ta te  I’f ,)  to  any final s ta te  |\Py) is calculated based on some 
interaction potential
T,i =  (9)
To describe even the  relatively simple case of elastic scattering, the  details of 
may become quite complex and are most often impossible to determ ine exactly. 
However, under certain kinematic conditions it is sometimes possible to  simplify 
Kn*.
Consider scattering from a  nuclear target where the  relative projectiie-nucleus 
kinetic energy is a t least 100 MeV and assume th a t the  projectile is scattered 
from a single nucleon within the nucleus. Owing to  the high kinetic energy of the 
projectile, the binding energy of the nucleons can be neglected and the reaction 
may be described as a  scattering from a free nucleon with the appropriate Fermi 
momentum. All other nucleons in the ta rge t act as mere spectators to  the event. 
Under these conditions, the  potential for the full projectile-nucleus interaction, 
Vint, may be replaced by th a t for the free projectile-nucleon scattering, V/ree, 
which can be studied by measuring the  actual free process. This is known as the
13
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impulse approximation.
2.1.1 P lan e W ave Im pulse A pproxim ation  (P W IA )
The impulse approxim ation simplifies the interaction potential. However, eval­
uating (9) also requires knowledge of the initial and final wavefunctions for the 
complete projectile-nucleus system. Again, due to the  complexity of this many- 
body system, exact determ ination of these wavefunctions is generally not possible 
and thus approxim ations are necessary.
In (9), |'P) represents the  complete wavefunction for the system (initial or 
final) describing both  the relative and internal degrees of freedom of the corre­
sponding particles. For simplicity in illustrating this point, the final state can be 
expressed in two parts; one part symbolizing the exiting particles and the other 
the residual nucleus. Let the labels a, A, b and B  denote the incident projectile, 
the target nucleus, the exiting particle(s) and the residual nucleus respectively. 
The transition am plitude can thus be expanded into the form,
Tb a  =  y * a d r bx* (kb ,rb)(^6V,s |^ |0 a ^ ) x ( k a , r a ) -  ( 1 0 )
Here, ka and r a are, respectively, the relative m om entum  and position of a and A, 
and likewise for b and B. The x (k , r) therefore represent wavefunctions describing 
the relative a-A or b-B motion. The details of the scattering interaction are 
contained in the factor
{ M b \ V \ M a ) = J V  ^ A xba (11)
which involves only the internal states of the  colliding pairs [2 ].
The impulse approxim ation is introduced by replacing (1 1 ) in (10) with the 
am plitude for free a-b scattering. Assuming th a t the scattered waves, X6 i do not 
interfere with the incoming waves, Xa, (ie. no absorption or other attenuation 
of the incoming flux), both may be replaced by plane waves. The transition 
am plitude then becomes
T b a  =  /  d rbdraetkb'rb (<f>i, \ Vfree \<f>a)e- 'k*'r“ ( 1 2 )
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where d>i is the wavefunction in free space for particle i. This result is known as 
the plane wave impulse approximation.
2.1.2 D istorted  W ave Im pulse A pproxim ation (D W IA )
The PW IA ignores the effects on the incoming and outgoing wavefunctions from 
interactions with other nucleons in the target. In reality, before the  projectile, <z, 
enters the range in which it interacts directly with the  nucleon or nucleon cluster, 
b. in the target, A , it encounters a  potential due to the presence of the other A - 
b nucleons [3]. This is also true  for the exiting particles. Thus, even though the 
processes modeled in ( 1 1 ) are dominant, the relative wavefunctions x  are modified 
by some averaged interaction representing all channels not specifically included in 
( 11).
Optical M odel Potential
The averaged result of all possible reaction channels can be modeled by describ­
ing the elastic and inelastic channels separately. In the elastic channel only the 
direction of propagation of the incident wave is changed whereas the inelastic 
channel represents an attenuation. These ideas are analogous to  the  passage of 
light through a  cloudy crystal ball. Here, elastic scattering corresponds to refrac­
tion while inelastic scattering corresponds to absorption. It is a  well known result 
tha t the presence of both refraction and absorption in th e  crystal ball leads to a 
complex index of refraction. It is thus logical to consider describing the elastic 
and inelastic reaction channels by introducing a  complex potential. Herein lies 
the basis for the optical model.
Neglecting relativistic effects, the wavefunction due to  potential scattering is 
determined by solving the Schrodinger equation
m  = e v . (13)
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The wavefunction, may be constructed from a sum over product states involv­
ing the internal and relative motion wavefunctions
' I =  *l>b 1>b  x Za  XbB ( 14)a
where, in comparison with ( 1 0 ), Xa. 4 =  x (k a, r a) and XbB =  x(^b, Tb) express the 
relative a-A and b-B motion. The index a  indicates a  sum over exit channels. It is 
custom ary to restrict this summation to a few dominant channels whose reaction 
dynamics are the focus of study. For these channels, the internal wavefunctions, i/?;, 
are assumed to be known. The complex optical potential is then used to calculate 
the relative wavefunctions x in an a ttem pt to  account for those processes which 
are not included in (14).
The use of the  optical potential implies th a t the  Hamiltonian and thus 
in (13) account for all possible exit channels. The solution may be obtained 
by introducing two projection operators. T he operator P  will project from the 
com plete wavefunction those states which correspond to the restricted form of (14) 
and the operator Q will project out all others. In addition, these two operators 
obey the  following relations
P 2 = P, Q2 = Q
Q P = P Q  = 0 (15)
P  + Q =  I
where I is the identity. Multiplying (13) on the left by P and then by Q yields, 
through the use of (15), the pair of coupled equations
(E  -  P H P ) P q  =  (PUQ)QV (16)
(.E - Q H Q ) Q V  = (Q H P )P V  (17)
which are used to eliminate any explicit reference to the states \&q =  Qty. If the
resulting equation for \l/p =  P $  is then integrated over the internal coordinates
of the target, the Schrodinger equation is reduced to one for the relative motion 
wavefunctions, x>
^ E  — To — Vp q ^ x  — 0 - (18)
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The potential Vpq carries all th e  complications arising from interactions which 
are not directly modeled. The goal of the optical model is to  replace Vpq with an 
optical potential, Uopt, whose param eters are determined phenomenologically. 
Recalling tha t Uopt is complex, the  general form is usually w ritten [2 0 ]
where V0 . WQ are depth param eters for the central term s and W3 is the strength of 
the non-central surface term . Due to  the short range of the  strong interaction, the 
radial dependence of the optical potential is expected to  follow th a t of the nucleon 
distribution. A common form for th is distribution is known as the Woods-Saxon 
form
/ ( r , r 0, a )  =  —  y r — ------ . . (2 0 )
1  +  exp{(r — roA'/Zj/a}
The Woods-Saxon form is used as a  volume distribution. It is roughly equal to 
unity a t the origin and remains fairly constant throughout the interior while falling
to half maximum at the nuclear radius, rQ. The surface is characterized by the
diffuseness, a, such tha t the  function falls from 90 percent to  10 percent of its 
maximum over a  distance of 4.4a. The second imaginary term  in (19) is a  surface 
term  since it contains the derivative of (2 0 ) which peaks a t the nuclear surface 
and has a full width at half m axim um  of 3.53a. Both the  Woods-Saxon form and 
its derivative are shown in Figure 7.
Aside from the volume and surface term s, Uopt may also have a spin depen­
dence. In direct analogy to the spin-orbit potential for atom ic electrons, the 
spin-orbit term  for a spin \  projectile and a  spin zero nucleus is proportional to 
the derivative of the volume distribution
U 3.o .{ f)  a  • 1 ~ ^ ' s v '! ®sv ) ”i"
(21)
In the case of a target with non-zero spin J  a spin-spin (<7 - J )  or more complicated 
interaction must be involved [19].
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1.0
Figure 7: Woods-Saxon distribution [20]. The top graph displays the  volume 
distribution. The bottom  graph is proportional to  the derivative of the Woods- 
Saxon distribution which represents the surface localization.
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If the projectile is charged, then it is not unreasonable to  include a  Coulomb 
term in Uopt. Usually, the charged objects are considered to be uniformly charged 
spheres. This approximation allows the Coulomb term  to take its familiar form
Ucoui(r) = « ( 3  -  m )  -  <  *
r  >  R c
where R c =  1 .2A 1/3 is the Coulomb radius.
The complete optical potential is the sum of the volume, surface, spin-orbit 
and Coulomb term s
Uopt{r) =  - {  V0f ( r , r v,a v) +  iW 0f ( r , r w,a w) + iW sg (r ,rw,a w)
(23)
s^.o.(f) Ucoui{r).
This potential is considered phenomenological when the unknown param eters in 
each term  are determined through fits to  experimental da ta  as opposed to  micro­
scopic calculations.
D istorted-W ave Theory
The distorted-wave approximation, through judicious choice of the optical poten­
tial, provides a  simple method for including the effects of the interactions pro­
ducing the  wavefunctions T q  on the relative motion wavefunctions contained in 
typ. Recall th a t 'Pp, defined in (14), contains a  sum over exit channels. Labeling 
the elastic channel as 7 , the sum m ation over a  may be split into two parts. The 
first part will contain only the term  with 0 = 7  and the second part will have the 
sum m ation over a  ^  7 . In this case, the transition am plitude to some channel /? 
becomes
=  < rf «  xIa )  +  K  x!b \V \  E  « <ft xZa) (24)
The distorted-wave approximation simplifies this am plitude in a couple of ways. 
F irst, it drops the entire summation for a  ^  7 . Second, it replaces the relative 
motion wavefunctions, in the  first term  with distorted waves, which are
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calculated using the Schrodinger equation given in (18) along with an appropriate 
optical potential. The (+ ) and (-) refer to  outgoing and incoming boundary 
conditions, respectively, imposed on the distorted waves. Thus, (24) is reduced to
T ba  =  <06 0b x l 'J m - a  i'A  x i V )  (25)
where V" is tha t given in (11) and, to  simplify notation, the label a  has been 
dropped and (b,B) has been designated to  represent any exit channel eliminating 
the need for the label /?.
The validity of (25) depends on successful justification of the above approxi­
mations. Consider first the replacement of the  relative motion wavefunctions, 
with distorted waves, x ^ -  Asymptotically, they are identical since they must 
satisfy the same boundary conditions yielding a  combination of plane waves with 
radially traveling spherical waves. Near the interaction region, they may differ 
due to deficiencies in the optical potential bu t hopefully these effects will be small 
enough to neglect. W ithin these constraints, this replacement is justifiable.
The elimination of all bu t the elastic channel from the full wavefunction is 
not so readily justified. The validity of this approximation rests on the choice 
of the optical potential. Most likely, the largest contribution to  the transition 
am plitude from the excluded summation comes from the term with a  =  ft which 
represents elastic scattering in channel (3 [19]. Choosing an optical potential which 
minimizes this term  ensures th a t the excluded summation does not constitute a 
poor approximation. Displaying the optical potential explicitly in the transition 
amplitude, the term  with a  =  /? is
=  J d r kd r ,  x t s H ' X X b  \v \ X  Xa I + V,vt } £ , v  (26)
Clearly, when Uopt is approximately equal to (V>f 0#  |F | 0 f  0 «) this term  is mini­
mal. Therefore, using an optical potential th a t fits elastic scattering in channel 3 
gives m erit to  exclusion of this and all weaker term s in the summation.
At this point, the logical step is to  begin evaluation of the distorted-wave 
transition am plitude given in (25). Applying the impulse approximation leads to
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the distorted-wave impulse approximation (DWIA)
Detailed evaluation of this am plitude now requires model calculations of the dis­
torted waves as well as the  free transition am plitude. The DWIA formalism of 
Chant and Roos was adopted for this experiment. In the following section, the 
calculation of (27) is discussed within the framework of this formalism.
2.2 DWIA for (?r+,pp) Reactions
2.2.1 Form alism
The DWIA formulation for (7r+ ,pp) reactions presented here is th a t of Chant and 
Roos [8 ]. In order to  study the effects of distortion on the incoming pion and 
em itted protons, the quasi-deuteron model is employed. W ith  support from both 
experiment and theory [8 ], it is assumed th a t the pion absorbs on a  3Si n-p pair 
and the impulse approxim ation is used to obtain the 7r(NN) vertex. In this way, 
the  im portance of distortions is separately investigated through the  use of optical 
potentials.
Specifically, the DWIA calculations are based on a  reaction of the form 
A (a , cd)B  where a is the  projectile, c and d are the em itted particles and A  =  b+ B  
where it is assumed th a t c and d result from the quasi-free reaction b(a,c)d. The 
differential cross section for such a collision may be w ritten [2 1 ]
m  =  (28)
In this form, v is the relative velocity between a and A, lob is the energy density 
of final states and Vj,a represents the interaction between the  projectile, a, and 
th e  cluster, b. Effectively, Vt0  is th e  difference between the  full Hamiltonian and 
th a t portion which defines the asymptotic final state wave function, <j>f. Proper 
antisym m etrization of all wavefunctions with respect to  the interchange of any 
two nucleons is assumed so tha t explicit reference to antisym m etrization may be 
om itted.
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It is algebraically convenient to define an operator C l ^  which represents the 
effects of the scattering process upon the wavefunction [21]. For instance, given 
the asym ptotic initial state, the scattering state  is created by applying
n<+>
=  (29)
Substituting for t^i+\  the transition m atrix  element in (28) may be rew ritten in 
term s of a transition operator
T b a  =
= (<l>lf \ B , c , d ) \ t ba\ 4 +)(A ,a))  (30)
where tba =  Ha As a  result, the scattering problem is recast into a  more
convenient form where all operators act on the asym ptotic forms for the  wave­
functions.
The wavefunctions in (30) may now be expressed in term s of product states 
so tha t the transition am plitude becomes
,BA =( ^ T  *«.(«) '&’>
' ■' (31)
where ^(z) is the internal wavefunction for particle i and the rjxy describe the rela­
tive motion of the mass centers for particles x  and y. The angular m om entum  and 
isospin quantum  numbers for the target and residual nuclei, now displayed explic­
itly, are J  (projection M )  and T  (projection IV), respectively. The corresponding 
quantum  numbers for the em itted particles are s(cr) and t(v).
In order to simplify the integration implied by the scalar product notation in 
(31), it is assumed th a t tba does not depend on the internal coordinates of the 
residual nucleus. Further simplification is m ade by assuming th a t the em itted nu­
cleons make a significant contribution to  the  cross section only when their relative
motion and spin-isospin wavefunction matches th a t of the cluster, b. Recalling the
quasi-deuteron model, cluster b is just the deuteron. Using the above assumptions,
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therefore, the overlap of the deuteron wavefunction and the residual nucleus, B .  
with the th a t of the  target nucleus wavefunction is
=  E  t A B ( o l U a ) l J M J BMB\JAMA) m T BN B\TANA}
a  L J t T j A M
x (L A la d\JM)<j>aLA( fdB) (32)
where d represents the deuteron, is the wavefunction describing the
motion of the  center of mass of d with respect to  B,  3Ub(o:.L1 JO) expresses the 
probability of decomposing A  into d + B  and a  denotes all other quantum  numbers 
necessary to  describe the  state.
The transition am plitude resulting from the integration performed in (32) is 
then <nven bvO -
T b a =  (-B^V E $ a b ( < x L I J O ) ( J M J b M b \ J a M a )(OOTb N b \ T a N a )
\ * / aLJfffiAM
The impulse approxim ation is now made by replacing tf,a w ith the  free two-body 
t + + d ^  pp t operator, 4 >L- addition, if the momentum space representations 
of the relative motion wavefunctions are used in the transition m atrix  and if 
the resulting reduced t-m atrix  containing the internal wavefunctions is assumed 
to vary slowly with mom entum , it can be taken outside th e  m om entum  space 
integration, replacing its arguments with their asymptotic values. Then, with the 
zero-range approxim ation in effect, the transition am plitude factorizes yielding
TBA = E 8 a b ( < x L 1 J 0 ) { J M J b M b \JaMa)& ta t b £>na n b
aLj adAM
x (L M a d\J M ){k x k2 a2\t(f i ee%  -  rd)\r){^ 4>QLA( fdB)). (34)
Here, it is also assumed tha t isospin is conserved.
Finally, after averaging over the initial spin projections and summing over the 
final spin projections, the differential cross section for quasi-deuteron absorption
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=  (2L + (37)
Pion Optical Potential
In order to evaluate the differential cross section, it is necessary to calculate the 
distorted-wave am plitude, T § ^A, given in (37). After integrating over the relative 
7r — d separation, this am plitude becomes
Tb a " =  (2L + 1)“* / X{Bp'(kBPl,T)x{B^{kBp2, r ) x ^ { h A,ir)<f>lA{f)d3r
(38)
where, in the zero-range approxim ation, r  is the relative d +  B  separation which 
scales for the incoming pion as the ratio of the masses, 7  =  M b / M a -
In (38), the distorted wave for the incoming pion is x ^a ^ A tIT)- Recalling 
the earlier discussion on distorted-wave theory, the choice of optical potential 
here should be one which describes pion elastic scattering. The optical potential 
param eters used in evaluation of this wavefunction were taken from the work 
of Cottingame and Holtkamp [2 2 ] who studied pion elastic scattering across the 
(3,3) resonance from various nuclei by solving a  Klein-Gordon equation using 
a Kisslinger [23] type optical potential. Reasonable agreement with 7r+ elastic 
scattering data was obtained when using free ir — N  param eters but shifting the 
center of mass energy to  a value roughly 30 MeV lower than that given by the
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actual incident pion energy. This energy shift accounts for the  fact th a t the 
nucleon is embedded in the nuclear medium.
The present calculation uses a modified Klein-Gordon equation of the form
( - V 2  +  M2 ) x , a  =  (E l  -  2 E tVc -  U)x*A. (39)
The optical potential, U , is given by
U x = -A b o p lp x  +  A biV (pV x)-  (40)
where b0 and &i are, respectively, the  s- and p-wave phenomenological param e­
ters and p is the nuclear density distribution. This potential actually describes 
scattering of pions from the core, J3, averaged over the target nucleus, A.
Proton Optical Potential
In (38), the x^Bp represent the distorted waves for the two outgoing protons. 
The proton distorted waves are calculated using optical potentials which describe 
proton elastic scattering. The optical potentials were adopted from the work of 
Nadasen et. al. [24] who performed a  global analysis of proton scattering on 
nuclei ranging from 28Si to  208Pb over an energy range of roughly 40 to  180 MeV. 
The \Bp  are evaluated using an equation of the form
I Tb p +  Vb p — CBj j^ XBpi&Bp, ?Bp) =  0 (41)
where esP is the relative kinetic energy and Tb p =  (—h2V 2Bp)/2pBP, P-Bp being the 
reduced mass of B  and p. It is im portant to  note tha t the factorized form of the 
exit channel scattering state,
VBp\p2 = X(Bp\ CkBPi, rBpi )X B )p f iB p ^ r Bp2) (42)
is the result of the so-called non-static approximation in which the coupling be­
tween the relative kinetic energies TbPi and TbP2 is treated asymptotically.
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D euteron Bound S ta te  W avefunction
The bound s ta te  wavefunction, describes the center of mass motion
of the dcuteron-like pn pair about the  core, B .  This wavefunction was origi­
nally determ ined by solving th e  Schrodinger equation using a phenomenological 
Woods-Saxon potential which was adjusted to  reproduce the empirical deuteron 
separation energy. However, more recent calculations employ a  microscopic view 
involving single-particle wavefunctions.
The microscopic calculation trea ts the bound s ta te  wavefunction as a product 
of single-particle wavefunctions. Fractional parentage techniques similar to Cohen 
and K urath [25] are used to calculate the two-particle spectroscopic am plitudes 
for a given transition. The single particle wavefunctions are then generated using 
a Woods-Saxon potential with param eters from electron scattering by Elton and 
Swift [26] adjusted to  produce the correct separation energies.
2.2.2 'Li(7r+,pp)5He C alculations
The DWIA differential cross section given in (35) is quite general in the sense 
that it neither specifies the target and residual nuclei nor does it consider possible 
angular mom entum selection rules. The only thing which it does specify is th a t 
the absorbing nucleon pair is assumed to be in a relative 3Si state and, as a cluster, 
is moving with orbital angular m om entum  L  (projection A) with respect to  the  
core, B.
If the target nucleus is specified as 'L i, then, by virtue of the (x+, pp) reaction, 
the residual nucleus is 5 He. As such, angular m om entum  and parity  conservation 
exclude certain transitions between the target and residual nuclei. In addition, 
some of the allowed transitions are of particular interest since they bring about 
considerable simplification of the  DWIA cross section, allowing a  more direct study 
of the physical content therein.
To simplify discussion of the  cross sections, certain geometrical restrictions are 
observed. First, all scattering is considered in a coplanar geometry. Second, the 
target vector polarization is taken to be normal to the scattering plane and is
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chosen as the axis of quantization. Also, only low-lying states in the  target and 
residual nuclei are considered.
Angular mom entum selection rules for tt+ absorption on 'L i can be derived 
by assuming the dominant reaction mechanism to be QDA and working in a 
shell model basis. In the quasi-deuteron model, conservation of the  total angular 
m om entum  in the  transition J , —> J j  yields
J f  =  Ji — Jd — Ji — Ld — Sd (43)
where the subscript, d, labels th e  quantum  numbers describing the relative motion 
of the quasi-deuteron with respect to  the  core and Sd =  1. Transitions to the 
lowest-lying states in the  residual 5He nucleus correspond to the removal of two p- 
shell nucleons ( lp )2. The possible values for Ld are then 0, 1, and 2. Conservation 
of parity in the strong interaction leads to  the  selection rule
( - l ) Zl( - l ) ' 2 =  ( - l ) L*. (44)
For the ( lp ) 2  removal, (44) implies no change in parity for the transition which 
forbids Ld — 1. The 7Li ground state  has spin and parity J f  =  The result­
ing states in 5He are J ]  = § , corresponding to  the  ground state  and first 
excited state , respectively. Higher excited states may be reached by considering 
the removal of a  ( ls ) 1 ( lp ) 1 pair. In this case, conservation of parity restricts the 
relative orbital angular m om entum  to Ld =  1. For simplicity, it is assumed tha t 
the s-shell hole couples to two p-shell nucleons in a 3Si s ta te  [27]. The 5He final 
state resulting from (ls ) 1 ( lp ) 1 removal is then  J J  =  | + which is the  16.8 MeV 
excited state. In these calculations, only two transitions were im portant; those to 
the |  ground state  and the | + 16.8 MeV excited state. In both cases, the "Li 
nucleus is assumed to be in the ground sta te  and is described in an LS coupling 
scheme by a 2 P 3 / 2  wavefunction. This com ponent has an am plitude of ~0.98 [27].
For a  spin-1 target, the following expressions for the analyzing powers are
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used:
^ _ g ( | ) - g ( - j )  +  ! [ . ( ! )  - . ( - ! ) ]  ^
Vtot
A n  =  <Kf) +  < K - f ) - < ) - * ( - ! )  (46)
CTtot
■™yyy ~  _ ■> v&tot
where a(m )  is the  differential cross section for magnetic substate, m, and 
crtot =  5Zm<T(m )- The differential cross section and the  vector and tensor ana­
lyzing powers for the quasi-free kinematics a t Tt =  165M e V  are shown in Figure 
8 . In the cross section for the ground s ta te  transition a t low recoil momentum, 
the contribution from the dominant L=0 term  produces a well defined quasi-free 
peak. To either side of the quasi-free peak, the recoil m om entum increases and the 
L=2 contribution is clearly visible. The L=1 excited s tate  transition displays the 
characteristic minim um  at the quasi-free energy. The DWIA predicts substantial 
vector analyzing powers for transitions with L^O and substantial tensor analyzing 
powers for all transitions.
The role of distortion effects on the analyzing powers has been studied by 
Khayat et. al. [27]. For L=0 transitions, both A y and A yy are shown to be in­
dependent of distortion effects. Thus, A y and A yy are related simply to the 7r+d 
—► pp cross section. Measuring analyzing powers for L=0 transitions should, in 
principle, allow a  direct study of the two-nucleon abosrption mechanism. For L=1 
transitions, A y vanishes in the absence of distortions. Therefore, by measuring 
analyzing powers for L=1 transitions, the  im portance of distortions of the in­
coming pion and outgoing protons can be separately investigated. Contributions 
from distortion effects and the reaction mechanism cannot be separated for L=2 
transitions but distortions are dominant in the large predicted values for A y.
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Figure 8 : Differential cross sections, vector analyzing powers (A y), and tensor 
analyzing powers (Ayy) for 7 Li(7r+,pp) with transitions to  the | -  ground state 
and | + 16.8 MeV excited state of 5 He. The incident pion energy is Tx= 165 MeV. 
One proton is detected a t 0S=38° and the other at the quasi-free angle 0P=-117.4°.
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Experim ental Details
The experiment was designed to measure analyzing powers for the reaction 
7 Li(?r+ , pp)5 He. The experimental equipment consisted of a polarized "Li ta r­
get and two arms for detecting the exiting protons. The ' Li was polarized using 
the  PSI polarized target system. The two detector arms were the  SIN Univer­
sal Spectrometer Installation (SUSI) and an array of plastic scintillator AE-E 
detectors.
SUSI, a magnetic spectrom eter, was chosen for its excellent m om entum  reso­
lution and background reduction capability. The main disadvantage of this spec­
trom eter was its lim ited mom entum acceptance. To fully cover the region of 
interest in the cross section, it was necessary to run at two m om entum settings.
The AE-E detectors consisted of blocks of plastic scintillator coupled to pho­
tom ultiplier tubes via plastic light guide m aterial. The A E :s were designed to 
maximize the active area of the  detector yet minimize particle trajectories which 
allowed the proton to  escape from the large E block. While possessing only a 
m oderate energy resolution, the A E-E’s were sufficient for resolving the states of 
interest in this experiment. This entire setup, including SUSI and the  target, was 
used successfully in a  prior experiment aimed at measuring analyzing powers for 
the quasi-free knockout reaction 7 Li(7r+, 7r+p) [9].
In the setup for the  coincidence measurements, the beam channel was tuned 
to  deliver pions of m om entum =  270 M eV/c (Tt =  165 MeV) to  the center of
30
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Table 1 : Sum m ary of detector angles for SUSI and the  AE-E array. 0scat is the 
actual scattering angle and Ojioor shows th e  physical placement of the  detector, 
com pensating for th e  target magnetic field. T he column heading CCscat indicates 
scattering angles for th e  associated complementary counters. All angles are in 
degrees.
Detector ® scat @ floor C C scat
SUSI 3S.0 55.5 —
Ex -98.1 -79.1 55.6
e 2 -109.1 -90.1 46.7
e 3 - 1 2 0 . 1 - 1 0 1 . 1 38.0
e 4 -131.1 - 1 1 2 . 1 30.8
e 5 -143.9 -124.7 2 2 . 1
the target. To account for energy losses, th e  central momentum of the  channel 
was actually set to pw =  272.7 M eV/c (T„ =  166.7 MeV). The layout of the 
detectors is shown in Figure 9 and specific angles for all detectors are summarized 
in Table 1 . Both the magnetic spectrom eter and the AE-E array were centered 
about the quasi-free kinematics for 7 Li(7T+,p p ) a t T„ =  165 MeV. This placed the 
central angle of SUSI a t 38.0° and the center of the AE-E array a t -120.3°. In 
addition, to  detect the d (7r+,pp) from the CD 2  foil, four complementary counters 
were placed a t the appropriate angles such th a t a  coincidence could be formed 
between a com plementary counter and a AE-E.
The angle measurements quoted above are scattering angles which means tha t 
they result from the kinematics of the reaction only and do not include the effects 
of the large static  magnetic field present for the  polarized target. The physical 
placement of the detectors corresponded to  the  floor angles which were determined 
by com puting the deflection of the scattered particles by the magnetic field while 
adjusting the  particle kinetic energy for losses in the target materials.
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Figure 9: Diagram showing relative placement of all detectors and the effects of 
the target m agnetic field.
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3.1 Beam Line
3.1.1 Prim ary Beam
This experiment was performed on the 7tM 1  channel a t the Paul Scherrer Institut 
in Villigen. Switzerland. The layout of the experimental hall is given in Figure 
10. Protons were accelerated in the main cyclotron to  590 MeV. Upon extrac­
tion from the main cyclotron, the  proton beam  was split and transported to two 
target stations. One target station contained a  Be target from which pions were 
produced, marking the  beginning of the 7rM l channel.
3.1.2 ;rMl Channel
The -M l channel is shown schematically in Figure 11. The channel consists of 
two almost symmetric sections. In the first section,. pions (and some protons) 
pass through quadrupole m agnets Qi — Q3  and are directed into an electrostatic 
separator, S. The separator is used to  filter particles having equal m om enta based 
on charge and mass. In the separator the particles first pass through a  thin foil 
in which protons, due to their larger mass, lose a  larger amount of kinetic energy 
compared to  pions. After the foil, the electric field deflects the slowed protons, 
removing them  from the beam. Pions selected by the separator then travel to 
the large dipole m agnet, D j, which is used to  select the central m om entum  of the 
pion beam. The next two quadrupoles, Q4  and Q5  disperse the pion beam hori­
zontally onto the interm ediate focus Ijv/- A t this point, the beam passes through 
a hodoscope which serves to  m ore accurately determine the pion momentum. In 
addition to the hodoscope, an aperture was constructed from lead bricks a t \m 
in order to collimate the dispersed beam and limit the m om entum  spread. The 
aperture had a horizontal opening of 7 cm giving a  1% spread in m om entum  (see 
Table 2).
The second half of the channel is nearly a mirror image of the first. Upon 
passing through the hodoscope, two more quadrupoles are encountered followed 
by another dipole used for horizontal steering. Finally, the beam passes through
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Figure 10: Layout of the experimental hall at PSI
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Figure 1 1 : Schematic drawing of the 7tM 1  channel including the  SUSI spectrom ­
eter
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Table 2: Characteristics of the xM l channel.
M omentum Resolution 1 0  3  d p /p
Solid Angle 6  mSr
M omentum Acceptance ±1.4%
Dispersion a t Focal Plane 7 cm /%
M omentum Range 100-500 M eV/c
Total Length 2 1  m
Spot Size on Target 23mm horizontal x 18mm vertical
another set of quadrupoles, bringing it to  an achrom atic focus a t the target [39]. 
Characteristics of the ttMI channel are given in Table 2.
After exiting the last quadrupole, the  beam  passes through a small wire cham­
ber known as the  beam  profile monitor. As its nam e suggests, the beam profile 
monitor was used for real tim e monitoring of the size and position of the  pion 
beam. D ata read from the monitor and displayed on a PC screen consisted of 
beam position, w idth, as well as a display of the  beam  shape in directions both 
perpendicular and parallel to  the scattering plane. All beam profile information 
was w ritten to  tape  for later analysis.
3.2 SUSI Spectrometer
The SIN Universal Spectrom eter Installation (SUSI) shown schematically in Fig­
ure 11, is also part of the 7rM l channel and was used as one of the detector arms. 
It was originally built to be a  pion spectrom eter with a  large solid angle, a  large 
m om entum  acceptance and a m om entum  resolution th a t would adequately sep­
arate the low lying bound states in many nuclei [39]. Table 3 summarizes the 
main characteristics of SUSI. For this experim ent, SUSI was primarily used to de­
tect high m om entum  protons (500 - 600 M eV /c), near its maximum m om entum 
capability.
A more detailed view of SUSI is shown in Figure 12. The quadrupole-dipole-
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Figure 12: The SUSI Spectrometer
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Table 3: Characteristics of the  SUSI spectrometer.
Momentum Resolution 1.5 x 10 3  dp /p
Solid Angle 14 mSr
Momentum Acceptance ± 1 2 %
Dispersion a t Focal Plane 5.5 cm /%
Momentum Range 120-650 MeV/c
Total Length 8  m
Angular Resolution 15 m rad
dipole configuration disperses the particles vertically a t the exit, thus defining the 
focal plane. All particles of equal mom entum , regardless of their mass, cross the 
focal plane at the same point, providing SUSI’s mom entum analysis capability. 
A coincidence event between scintillators S3 and S4, located at the entrance and 
exit, determines th a t a particle passed through the spectrom eter (SUSI event) and 
also aids in particle identification through tim e of flight measurement.
There are also four multi-wire proportional chambers (MW PC’s), C4 through 
C l,  which are used for tracking the path of the  particle through the spectrom eter. 
The two M W PC’s a t the entrance, C4 and C5, contain two planes each, allowing 
measurement of the scattering angle both parallel and perpendicular to the  scat­
tering plane. The combined information from these two chambers is used to  trace 
the particles trajectory back to  the target. The M W PC’s C6  and Cl,  located 
near the  exit, have only one plane each. Their purpose is to locate the particle 
in the dispersive direction. The positions returned by C 6  and C l  are then used 
to calculate where the particle’s trajectory intersects the focal plane and thus, 
determ ine i t ’s momentum.
3.2.1 M W PC  Operation
A M W PC consists of a plane of equally spaced anode wires centered between 
two cathode planes. W ith a negative voltage applied to the cathode planes, an
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electric field is established which is perpendicular to  the anode wires and is uniform 
except for the region very close to  the anode wires where the field takes on a  1 / r  
dependence. A M W PC is typically filled with a noble gas such as Argon which 
is readily ionized by radiation. Prim ary ionization occurs when a  particle passes 
through the  M W PC. The electrons and ions drift along the field lines toward the 
anode and cathode, respectively. When th e  electrons enter the high field region 
near the  anode, they are rapidly accelerated and produce secondary ionization 
whose electrons are also accelerated producing even more ionization. The positive 
ions liberated in the avalanche then induce a negative signal on the anode wire 
nearest the primary ionization event [43]. The signal size is directly proportional to 
the num ber of prim ary electrons. High energy photons em itted from Argon atoms 
excited in the  avalanche are also capable of ionization. To prevent continuous 
discharge, a  polyatomic gas such as m ethane or isobutane, called the quencher, is 
added to  absorb the  photons.
Depending on the trajectory and energy of the ionizing particle, there exists 
a probability of collecting a signal on more than one anode wire. A group of 
adjacent wires all registering a signal is called a cluster. A cluster can result if 
the prim ary ionizing particle travels through the M W PC at non-normal incidence 
with respect to  the anode plane. In this case, the primary ionization is clearly 
spread over a range of several anode wires. Even if the particle traverses the 
MW PC perpendicular to the anode plane, a  large ionization density will also fire 
m ultiple wires [43].
Characteristics and operating param eters for the SUSI M W PC’s are given in 
Table 4. Discerning a single event from m ultiple firings was carried out by an in­
dividual wire readout mechanism. The signal from each anode wire was amplified 
and discrim inated above the noise level. If an event trigger was present, a  tim ing 
gate was in coincidence with the discriminator output. Due to the drift velocity 
of the electrons in the chamber gas, when multiple firings occur the wire closest 
to  the event will also be the one which produces the earliest signal. The width 
of the tim ing gate thus reduced cluster sizes by filtering all but the earliest dis­
crim inator output signals. Any signal passing through the gate was registered as
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Table 4: General properties of SUSI chambers.
40
Gas Mixtures 80% Argon; ~19% Isobutane; <1% Freon
Cathode 10 micron A1 foil; 27 m g/cm 2
Anode Wires C4, C5: 10 micron tungsten
C 6 , C7: 20 micron tungsten
W ire Spacing C4, C5: 1 mm
C 6 , C7: 2  m m
N umber of Wires C4, C5: 200
C 6 , C7: 1000
N umber of Planes C4, C5: 1  X, 1  Y
C 6 , C7: 1  X
Cham ber Dimensions C4, C5: 20 cm x 2 0  cm
C 6 , C7: 2  m x 0.7 m
O perating Voltage C4: 4400 V
C5: 4450 V
C 6 : 4800 V
C7: 4300 V
a hit. This h it information for each wire was stored until the  com puter generated 
a read command. At this point, a  JCF20 CAMAC encoder examined the status 
of each wire and produced a  summary containing the num ber of clusters present 
and the center wire for each cluster [40]. Further analysis of the wire clusters was 
performed offline as described in Section 4.1.1.
3.3 AE - E Detectors
The second detector arm was an array of 5 AE-E plastic scintillation detectors. 
A single AE-E is shown in Figure 13. Each detector in the array consisted of two 
scintillators. A 5 mm thick scintillator, known as the A E, made up the first stage 
of detection. The A E was used as a trigger for incident protons and also defined 
the active area. Behind the A E was a  15 cm thick block of scintillator (E-block) 
capable of stopping protons with energies up to  160 MeV. The E-block was thus
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Figure 13: A typical AE-E plastic scintillation detector. Dimensions are given 
for the scintillators (i.e. the active detection elements). PM T =  PhotoM ultiplier 
Tube.
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used to determ ine th e  proton energy. Both the A E and the  E-block were coupled 
to photom ultiplier tubes via plastic light guide material.
To align the array, each of the 5 AE-E detectors was m ounted with two pins 
on a  flat aluminum plate  which was able to  pivot about the center of the ta r­
get. The orientation of th e  A E-E’s on the plate was such th a t a  line extended 
perpendicularly from th e  face of the A E would pass through the  target center. 
The relative angle between adjacent A E-E’s was 11° and the  entire array was 
positioned collectively by rotating it about its pivot point.
3.4 Data Acquisition
D ata acquisition was performed using standard NIM electronics for generating 
analog and logic signals in conjunction with CAMAC electronics to  interface with 
the readout com puters. A t the  occurance of any event trigger, several mechanisms 
for acquiring the da ta  were initiated. Gates were generated for the ADC’s which 
allowed integration of the  analog signals from the photom ultiplier tubes. S tart 
signals were sent to  all T D C ’s in the tim e of flight components. A strobe signal was 
sent to the SUSI electronics to enable the readout of wire cham ber information. 
Finally, when the da ta  were ready for collection, a  LAM (Look At Me) signal was 
generated which prom pted the  computers to send the readout commands to the 
CAMAC. The da ta  were then sent by Ethernet communication to  a VAX 4000 
running the HIX system. T he HIX system (see Section 3.4.3) was responsible for 
sorting and storing th e  d a ta  as well as performing online analysis.
3.4.1 Event Triggers 
B eam
The BEAM event logic is shown in Figure 14. A good BEAM event signaled 
tha t a single pion of known energy had emerged from the  channel. The BEAM 
event was formed by two th in  scintillators and the pulsed RF signal coming from 
the cyclotron. The first scintillator, SO, was located just before the  beam profile
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Figure 14: Logic diagram of BEAM event.
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monitor (Figure 1 1 ). Analog signals from SO were sent to  two discriminators. One 
discriminator was set above the  noise level, defining th e  logic signal SO. The other 
discriminator was set above the  signal level for a  single pion but ju st below that 
for a  two pions or a  proton and defined the logic signal S06,ff. A single pion passing 
through SO produced a  logic signal SO but no logic signal SO&,g. A good SO event 
was thus defined as
S0good = SO ■ SObig
which discriminated against noise, two-pion events and protons.
Identical discriminators were set up for S2 which was located after the beam 
profile monitor but before the  target. The full definition for a  good beam event 
was then
B E A M  = SOgood • S2good ■ RF.
The coincidence of S0goo<{ and S2good elim inated, through tim e of flight, any muon 
or electron triggers. Also, since S2 was much smaller than SO, S2 defined the 
logical beam spot on the target. The presence of the logical RF signal confirmed 
tha t there was a valid cyclotron RF pulse present.
SUSI Singles
The singles trigger for SUSI, shown in Figure 15 was defined as
S U S I  = B E A M  ■ (S3good ■ SAgood)
where S3 and S4 were scintillators located a t the entrance and exit of SUSI re­
spectively. All analog signals were discriminated above the noise level. Time of 
flight requirements minimized accidental S3-S4 coincidences.
Proton Singles
A proton singles event (PROTON) was generated anytime there was a  valid signal 
from one of the 5 A E ’s. Analog signals from the A E ’s were discriminated and
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Figure 15: Simplified logic diagram showing SUSI, PRO TON , SUSI • PROTON 
and MASTER events.
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routed to a logical OR whose output signaled th a t one of the A E’s had fired. 
Another output from the discriminator for each A E was sent to  a pattern  unit 
to  record which individual A E  had fired. PRO TON events had to  be heavily 
prescaled due to  high rates.
SU SI-Proton Coincidence
The event definition which marked the simultaneous occurance of a SUSI event 
and a  PROTON event was
S U S I  ■ P  = S U S I  • P R O T O N .
Random coincidences were rejected in the offline analysis (see Section 4.2).
3.4 .2  M aster Event
The M ASTER event combined all of the previously defined event triggers and 
was used to  in itiate the  acquisition process. All of the individual event triggers 
were combined into a  logical OR. The OR of all events was then ANDed with the 
RUN gate which was present when a run was active. Finally, the OR of all events 
and the RUN gate were ANDed with the COM PUTER BUSY which indicated 
th a t the frontend com puters were available for readout. W hen this three-fold 
coincidence was satisfied, the MASTER event signal generated the ADC gates, 
started  the TD C ’s and provided a  strobe for the wire cham ber readout.
The true M ASTER event for this experiment was, in reality, a three-fold co­
incidence among four input signals. The first three signals are those described 
above. Not mentioned above was the fact th a t one of the  negated outputs from 
the M ASTER event coincidence itself was routed back into one of the M ASTER 
event inputs. This input was known as the  FAST BUSY. The FAST BUSY was 
used to  prevent the pileup of events.
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3.4.3 H IX  System
The HIX system was developed by students a t Karlsruhe. A detailed description 
can be found in th e  thesis of S. R itt [41]. The main engine of HIX ran on a VAX 
com puter where several processes existed simultaneously to handle event logging, 
error logging and analysis. Input to  this engine was provided by several frontend 
P C ’s which were interfaced to CAMAC.
Three frontend computers provided control of event readout, target polariza­
tion information and beam tuning. The COINC frontend was responsible for 
reading out the coincidence scattering data. Readouts by the COINC frontend 
were performed anytim e the logic indicated th a t da ta  was available to be read 
(i.e., LAM signal). The TARGET frontend was connected to the polarized ta r­
get electronics and monitored the polarization. Information from the TARGET 
frontend was sent to  the main HIX engine only a t specified tim e intervals rang­
ing from 10 to 60 minutes. The TUNE frontend was capable of tuning the  beam 
channel remotely as well as providing beam  tuning information to  HIX at specified 
intervals.
3.5 Polarized Target
In the design of this experiment, feasibility studies suggested that a  target vector 
polarization of roughly 40 percent w ithin a  reasonable running tim e was necessary 
to produce acceptable errors for the asym m etry measurements. The PSI Polarized 
Target was chosen due to  its ability to  sustain appreciable levels (>  38%) of vector 
polarization.
3.5.1 The P S I Polarized Target 
Target M aterial
The target m aterial used was a 1.6 cm 3  sample of small, solid 7LiH chips prepared 
by G. Durand of Saclay. The chips were held in a brass microwave cavity, 18mm
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high, 18mm wide and 5mm thick in the beam direction. The LiH was isotopi- 
cally enriched to contain >98% ‘ Li. The sample was also irradiated at Saclay in 
1988 with ~  2  x 101 7 e- /c m 2. The radiation dam age created the  paramagnetic 
centers in the 'LiH providing the  spin reservoir necessary for the dynamic polar­
ization mechanism. A thorough description of dynam ic polarization techniques is 
presented in Section 3.5.2.
In addition to  the 7 LiH, a  th in  (0.170 ±  0.004 m m ) CD2  foil was placed along 
the inside wall of the microwave cavity. Scintillation counters were placed at 
appropriate kinematic angles in such a  way tha t d (x + ,pp) events from the foil 
were detected and saved for use in calibration.
Cryogenics
The microwave cavity was held in the mixing cham ber of a dilution refrigerator 
and the whole assembly was lowered into a  cryostat containing a 2.5 T super­
conducting pair of coils. A detailed view of the cryostat and a  magnified view of 
the mixing chamber containing the microwave cavity are displayed in Figures 16 
and 17 respectively.
The operation of a  dilution refrigerator is based on the continuous evaporation 
of liquid 3He into liquid 4 He. Below about 0.86 K, the m ixture separates into two 
phases. One phase is rich in 3He and floats to the top of the mixing chamber due 
to its density. The other phase is more dense since it is rich in 4He and stays near 
the bottom  of the mixing chamber. However, even a t 0 K, the 4He rich phase 
contains 6.4% 3He [31]. During the experiment the beam  spot on the target was 
kept below the phase boundary to minimize the background contamination from 
the 3 He.
Polarization M echanism  and M easurem ent
Dynamic polarization of both  "Li and *H was achieved by saturating the electron 
spin resonance transition and allowing relaxation processes to reorient the nuclear 
spins. The super-conducting coils, centered around the  cavity, provided a 2.5 T
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Figure 16: The cryostat
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Figure 17: The mixing cham ber containing the  microwave cavity and target 
pie.
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external field perpendicular to the scattering plane, defining th e  axis of quantiza­
tion. A microwave oscillator and wave guide were then used to  pum p the  electron 
spin resonance transition. This procedure established 7Li polarizations of up to 
+0.46 and —0.3S.
M easurement of the resulting polarization was achieved by placing two spiral 
NMR coils within the microwave cavity. The dynamic polarization was calculated 
by taking the  ratio  of the area of the dynam ically enhanced NMR signal, Adyn, to 
tha t of the therm al equilibrium NMR signal, A t e , such tha t
Pdyn — - j ^ P T E -  (48)
Here, pte  is the sta tic  polarization obtained a t therm al equilibrium without any 
microwave saturation. A comparison of the dynamically enhanced and therm al 
equilibrium NM R signals for 7Li is shown in Figure 18.
3.5.2 Polarization
If a collection of nuclei, each possessing a  to ta l angular m om entum  of J ,  is placed 
in an external magnetic field, Ho, the degeneracy of the m agnetic sub-levels is 
removed by the interaction TL =  - p - 'H ,  where p  =  —7 J  is the m agnetic moment. 
The resulting 2J  +  1 energy levels are characterized by the projection, m j ,  of 
the total angular m om entum onto the field axis and the corresponding energy, 
E m =  —‘jH o h m j.  This is the well known Nuclear Zeeman effect.
Limiting the  discussion to  solids, when the  spins of the nuclei come into therm al 
equilibrium with the  lattice, the population of each energy level relative to the 
total number of spins may be calculated using the Boltzmann distribution N m = 
exp( — Em/k T ) .  The amount of alignment with the quantization (field) axis is 
calculated by taking the average of m j  divided by J .  This quantity  is defined as 
the vector polarization[28] and is given by
j  W  1  mivm , „
p- J  J  E „ N m - I4*'
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Figure 18: Comparison of the therm al equilibrium (left) and dynamically en­
hanced (right) NMR signals for 'Li. The area of the  signal is proportional to the 
magnitude of the polarization.
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For nuclei with J  > there also exists a tensor polarization
P.
J
7 ( S r T T ) F > - J (J  +  i) (SO)
which expresses the excess number of spins aligned parallel to  the quantization 
axis over those which are not.
Static Polarization
As an example, consider a  system of J  =  |  nuclei. Zeeman splitting in this
case results in two energy levels; one for each projection, m  =  ± | .  The lowest 
energy is that for m  =  + |  in which the spin is aligned parallel to  the field axis, 
making it the preferred configuration. The relative populations for these two levels 
are N ( \ )  =  exp(-yH0h /2 kT )  and N ( —| )  =  exp{—^ H 0h/2kT ).  The Boltzmann 
distribution clearly yields a  higher population for th e  state with the lowest energy.
Using (49), the polarization for J  =  |  is
fore, significant static polarization requires large magnetic fields a t extremely low 
tem peratures [28].
M agnetic Resonance
If there is an additional magnetic field,
_! _  exp(7 H0h/2kT) — exp(—'jHoh/2kT)  
Pz ~  exp(~fHQk /2 k T ) +  e x p ( - j H 0h /2 k T )
(51)
Assuming tha t this sp in -| system consists of protons, then a  suitable value for
the gyro-magnetic ratio 7  yields a  polarization of roughly There-
Hx =  xHxcos(cjt), (52)
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which is oscillating perpendicularly to the large static  field, Hqz, the Hamiltonian 
for this system becomes
HqJz +  Hxcos(wt)Jx (53)
The m atrix elements of the oscillating term  m ay be evaluated using the ladder 
operators ./± == Jx ±  i.Jy. Solving for J x, the m atrix  elements become
(m '| J x|m) =  m '\J+ +  J_ |m )
(54)=  — jV+ {m'|m +  1) +  iV_(m'|m — 1 )
where N± are normalization constants. This m atrix  element vanishes unless m ' =  
m i l  thereby establishing th e  selection rule A m  =  ± 1 . Thus the result of 
applying an oscillating m agnetic field perpendicularly to  the s ta tic  field is to induce 
transitions between adjacent Zeeman levels. The energy of the  transition is
A E  =  hjjj = jhH o
=$■ = ■yHo (55)
W ith knowledge of 7 , the  resonant frequency for the  system can be calculated 
for a given Ho. W hat will be observed then is the resonant absorption of energy 
as the field is tuned through u?. Typical resonant frequencies are on the order of 
10,000 Mhz for electrons and 1 0  Mhz for nuclear systems.
As the strength of the rotating field increases, th e  process of absorption even­
tually reaches a s ta te  of saturation. It can be shown th a t the resonant transition 
probability is proportional to  th e  square of the am plitude of the  rotating magnetic 
field [30]. Consequently, increasing the field strength increases the  rate of transi­
tion between the  Zeeman levels. However, spin-lattice relaxation, which populates 
the lowest Zeeman level in therm al equilibrium, competes w ith th e  dynamic pro­
cess. At a level proportional to the inverse of the spin-lattice relaxation time, 
the dynamic transition rate ceases to increase regardless of any further increase 
in the oscillating field am plitude, and the populations of the  Zeeman levels are 
effectively equalized [28]. This condition is known as saturation.
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Dynam ic Polarization
In the early 1950’s, it was shown th a t by saturating the electron spin resonance 
in a m etal, an appreciable am ount of ordering was transferred to  the  spins of the 
nuclei. Polarization of th e  nuclear spins was found to  be a result of hyperfine 
relaxation processes. It was also discovered th a t simultaneous spin flips could be 
induced directly by driving the  so-called forbidden transitions [29].
A general description and comparison of these dynamic polarization techniques 
is provided by C. D. Jeffries[28]. Interpreting the  results requires a  study of the 
competing relaxation processes. Consider a  simple model in which an electron 
is in strong hyperfine coupling with a  sp in -| nucleus. Let the  whole system be 
immersed in liquid helium in the presence of a  strong m agnetic field, H q z . The 
energy levels for this system , shown in Figure 19, are given by
E (M , m )  ~  gfiHoM  + A M m  (56)
where the first term  represents the electron Zeeman splitting w ith g-factor, g, 
and Bohr magneton, /?, and the  second term  is the magnetic hyperfine interaction 
with strength, A. The param eters M  and m  are the electron and nuclear magnetic 
quantum  numbers, respectively. It is assumed that the hyperfine interaction is 
much weaker than  the  electron Zeeman interaction but much stronger than  the 
Nuclear Zeeman interaction, which is neglected.
In the low tem perature, T , provided by the liquid Helium, spin-lattice relax­
ation produces the  relative therm al equilibrium populations listed in column (a) 
of Figure 19. W ith  the population of the  lowest energy level, (-+ ), normalized to 
unity, the relative populations of all o ther levels are given by the Boltzm ann dis­
tribution, N  = exp(—E / k T ), with the energy, E , referenced relative to  (-+)• As
an example, consider the next highest level, (-----). The energy difference between
(-+) and (---- ) is due solely to  hyperfine splitting. The to tal difference between
the levels is twice the hyperfine interaction energy,
E  = 2 (A M m )
_  A  
~  2
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A =_ g 0 HkT
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(+  - ) , - A
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Figure 19: Energy levels and relative populations for S  =  \  and J  =  |  in magnetic 
field Ho at tem perature T. M  (m) is the electron (nuclear) magnetic quantum 
number. Column (a) gives relative populations a t therm al equilibrium while col­
umn (b) shows populations as a  result of saturating the  forbidden transition shown 
[28].
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yielding the  population,
./V( ) =  exp(—A /2 k T )  =  exp(-S )  (57)
where S = A /2 k T .  The therm al equilibrium populations of the remaining levels 
are calculated in a similar m anner and can be used along with (49) to determine 
the  static nuclear polarization,
|  =  (e~A~s +  1 ) — (e~A +  e~s) „  A*
pz (e-A-fi +  i)  +  (e-A +  c-«) ~  4  • (5S)
To dem onstrate the  enhancement provided by dynamic polarization tech­
niques, consider saturating a forbidden spin resonance transition. As mentioned 
above, forbidden transitions involve simultaneous electron and nuclear spin flips. 
These transitions are forbidden in the sense tha t, when the frequency of the os­
cillating magnetic field is varied, resonant absorption by the forbidden transitions 
occurs w ith an intensity several orders of m agnitude lower than the  electron spin 
resonance transitions. Saturating the forbidden transition (— h) —> (H— ) equal­
izes their populations. Assuming tha t the  dominant transitions are those for the
electron spin-lattice relaxation, the relative populations will be those shown in 
column (b) of Figure 19. Using (49), the  dynamic polarization by saturation of 
the forbidden transition becomes
J  =  (e~A~* +  1) ~  (eA~f +  1) _  _  A
Pz (e-A -i +  1 ) +  (eA - 5  + 1 ) 2  ( j
Thus, the ratio  of the dynamic value to  the  static value is 2/8  which is typically 
on the order of 102  at liquid helium tem peratures. The fact th a t any dynamic po­
larization is realized a t all rests on the assumption tha t electron spin-lattice relax­
ation dominates over any spin-spin relaxations. Particularly, if nuclear spin-spin 
relaxation were appreciable, all dynamic polarization under this m ethod would be 
destroyed.
Dynamic polarization may also be achieved with the forbidden (— |-) —► (H— ) 
transition through electron-nuclear spin-spin relaxation. This configuration is 
depicted in Figure 20. The oscillating magnetic field in this case drives the allowed
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T
(+ +)









( -  " )
/
( -  + )
Figure 20: Energy levels and relative populations for S  =  \  and J  =  |  in magnetic 
field Ho a t tem perature T . M  (m) is the electron (nuclear) m agnetic quantum  
number. Relative populations shown result from electron-nuclear spin-spin relax­
ation while saturating the allowed electron spin resonance transition [28].
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(---- ) —»■ (-1— ) transition, equalizing their populations. If the  electron-nuclear
spin-spin relaxation for the  (-1— ) —»• (— P) is dom inant, the  populations of the 
other two levels are as shown in the figure and the  dynam ic polarization becomes 
A /4  which is still much larger than  the  static value.
Equal Spin Tem perature T heory
The concept of spin tem perature is valid in situations where a spin system is 
somehow isolated from th e  lattice bu t rem ains in contact w ith some other spin 
system acting as a  heat reservoir. Under the  influence of spin-spin interactions, 
an equilibrium state is eventually reached corresponding to  the  tem perature, Ts. 
of the  reservoir. In direct analogy to  therm al equilibrium with the lattice, the 
ratio of populations between any two adjacent levels is given by the Boltzmann 
distribution
N  = e~E/kT' (60)
where the tem perature associated with the  therm al energy in this case is defined 
as the spin temperature. Unfortunately, it is not possible to  completely isolate a 
spin system from therm al contact w ith th e  lattice. Thus, the  definition of spin 
tem perature is restricted to  systems in which th e  spin-lattice relaxation tim e, T\, 
is much longer than the spin-spin relaxation tim e, T2 . In other words, the spin 
tem perature is different from the  la ttice tem perature only during times interm e­
diate to T\ and T2 . This is true for solids where T2  is on the order of 100/xs and 
Ti ranges from seconds to  hours [31].
The equal spin tem perature concept can be extended to include more than a 
single spin species in contact w ith the  reservoir. If a  second spin species exists, 
then it too will come to equilibrium at the same spin tem perature, Ts, as the 
first. The beauty of this hypothesis is th a t if the  polarization of the first species 
is measured, say by NMR techniques, then  Ts may be calculated and used to  infer 
the polarization of the second species.
This experiment has made available the  opportunity to  validate the equal spin 
tem perature concept for rLiH by providing polarization data  from both the 7Li
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(sp in-|) and the  XH (sp in - |) . The vector polarization for XH has already been 
calculated in (51) where now 7  =  7 // is the gyro-magnetic ratio for XH. Defining 
tj =  H0h / k T  and solving for tj yields
2  /  i \
77 =  — tanh  ' ( p i ) .  (61)
1 h  v '
The vector polarization for ' Li is
I  1  3sinh(Z~/Lip) + s in h  ( 5 7 L.77)
3 c o s h ^ L i p )  + c o s h ^ L iT j )
Under the assumption of equal spin tem perature, the param eter 77 will be the  same 
for both spin species since it is essentially ju st the inverse of the spin tem perature. 
Thus, assuming th a t the  XH polarization is measured experimentally, 77 may be 
calculated in (61) and substitu ted  directly into (62) yielding the equal spin tem ­
perature result for th e  7Li vector polarization. Figure 21 shows the comparison 
between this very calculation and actual polarization da ta  from this experim ent. 
For the most part, the  agreement is remarkable. There seems to be a  slight break­
down in the region of large negative polarization but the effect is no greater than 
A P j  P — 0.04 which is comparable to the quoted error in the m easurem ent[32] 
Therefore, not only does this result give m erit to  the equal spin tem perature con­
cept, but it also provides a  cross-check on the NMR polarization measurements.
3.5.3 A nalyzing Pow er for 1H(7t+,7t+)
The presence of polarized XH in the  target enabled direct verification of th e  NMR 
polarization measurements. Determ ination of the 7r+  XH analyzing power provided 
confidence not only in the measured XH polarization but also the 7Li polarization 
since both were acquired using the same NMR system. Therefore, a complete 
understanding of the  ir -f- XH results was the basis of this entire analysis.
To measure the 7r +  XH analyzing power, the central mom entum of the  SUSI 
spectrom eter was set to  psusi  =  270 M eV/c for each state  of the target vector po­
larization in order to  detect elastically scattered pions. At this central m om entum 
setting, the SUSI scattering angle, under the influence of the target m agnetic field,
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Figure 21: Comparison between equal spin tem perature theory and polarization 
data  obtained by NMR techniques. Error bars are the quoted A P / P  =  0.04 [32].
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was 31°. Because of the low recoil energy of the protons, only singles energy spec­
tra  were collected. A lineshape fitting routine was used to  subtract background 
processes and ex tract the 1H yields. The yields were normalized to  run-dependent 
efficiencies, plotted as a  function of the target vector polarization, and then fitted 
by a param eterization of the cross section in term s of the vector analyzing power 
.4,.
L in esh ap es
Due to insufficient beam  energy resolution, the x -1- 1H events in the SUSI singles 
spectra were not cleanly separated from scattering events off of other sources in the 
target. A SUSI singles spectrum  corresponding to  zero target vector polarization 
is shown in Figure 22. Along with x +  1 H, pion elastic scattering from 2 H, 4He 
and ' Li as well as inelastic scattering from ‘ Li and 7Li breakup contributed to  the 
spectra. In order to  properly account for each of these scattering processes, the 
lineshape fitting program, ALLFIT[33], was employed. All peaks were adequately 
described using the  standard hyper-gaussian lineshape provided by ALLFIT. This 
is a gaussian lineshape which allows for variations in height, position, width, 
asym m etry and pointedness. Exponential tails are also available but were not 
necessary for th e  present fits. For a more detailed discussion of ALLFIT, see 
Section 4.3.2.
Initial fit param eters for lineshapes corresponding to  1 H, 2H and 'Li (i.e. the 
target m aterials) were determined by fitting foreground runs (Figure 23) in which 
the liquid 3He and 4 He, materials necessary for the cryogenics, were drained. In 
fitting the foreground runs, a two dimensional plot of SUSI scattering angle versus 
SUSI energy was used to  confirm peak identification as well as provide initial fit 
param eters. As shown in Figure 24, the data  agree quite well with what is expected 
from kinem atic calculations. This good agreement was invaluable for identifying 
the projections onto the Esus i  axis.
Figure 24 also displays an example of how the  initial width param eters were 
determined. W hen projected onto the Esusi  axis, each peak had an intrinsic width 
due to the kinem atic correlation between energy and angle. Further broadening
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Figure 22: SUSI singles energy spectrum. Dashed lines correspond to individual 
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Figure 23: SUSI singles energy spectrum  with the liquid 3He and 4He drained 
from the  target. The foreground spectrum  was used to  fix lineshapes for fitting 
the full target runs.
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Figure 24: Plot of Osusi vs. E su s i  showing the broadening of the Esusi  projection 
due to  kinematics. The solid lines are the calculated relativistic kinematics for each 
scattering process. The energy range labeled kinematics, shown for 1 H(7r+ , 7r+ ), 
is a 6 cr interval. The full w idth a t half m axim um  (FWHM) is ~  0.78 MeV. The 
initial or expected widths for fitting were calculated by folding the FWHM with 
the combined beam  and SUSI resolution.
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occurred due to the resolution of the pion beam (ov =  l.OMeV) and SUSI (crsusi = 
0.4MeV). Using 1H as an example, the kinematic width read from the  graph was ~  
0.78 Mev. Folding the beam and SUSI resolution in quadrature w ith the kinematic 
width yielded an expected width of 2.6 MeV for the 1H peak.
Initial positions were taken directly from kinematics for pion scattering at 
31°. In performing the foreground fits, all param eters were essentially free to vary 
except for the relative separations as dictated by kinematics. Therefore, initial 
asymmetries were set to zero, the curvature for all peaks was a  s tric t gaussian, 
and initial heights were not im portant. The expected and fitted param eters for 
the foreground fits are compared in Table 5.
To lim it the kinematic broadening and thus better isolate th e  1H peak, the 
SUSI scattering angle was restricted to  the  range 30° <  8susi  <  33°. Isolating 
a peak from adjacent background events serves to decrease the relative error in 
its fit param eters. W ith the above angular restriction, the width of the 1H peak 
was reduced by approximately 35%. Consequently, the fit converged more rapidly 
and the reduced y 2  was decreased by 50% to ~  1 . Some of the reduction in the 
relative error was countered by the corresponding 50% loss of statistics due to  the 
angular cut.
The final param eters from fits to the foreground runs were used as initial input 
to the full target runs. The full target fit is shown in Figure 22. The only striking 
feature is the small but broad asymmetric peak around 159 MeV. This represents 
the combined contributions due to elastic scattering from 2H and inelastic scatter­
ing to the 4.6 MeV excited state in 7 Li. Their individual contributions were small 
due to low abundance of 2H and a small relative cross section for the 4.6 MeV 
state  [1 0 ], and their relative separation was comparable to the estim ated energy 
resolution ( iv» 2 . 5  MeV).
Interpreting the fits for all other sources was quite straightforward. The 1 H, 
4He and 'Li elastic peaks all agree well with the expected results. Their relative 
positions agree with kinematics and the widths are consistent with energy resolu­
tion. Also, the peak resembling a  uniform background has a position and width 
consistent with the quasi-free reaction 7 Li(7r+, 7r+p) with smearing due to Fermi
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Table 5: Comparison of fitted vs. expected parameters for foreground spectra. 
* Expected values for the combined 2H and 'Li(4.6) peak are averages weighted by 
relative cross section and abundance.
Position [MeV] W idth [MeV]
Peak Expected F itted Expected F itted
XH 154.3 154.1 ±  0.03 2.6 2.7 ±  0.10
2H +  7 Li(4.6)t 159.3 160.4 ±  0.03 3.6 3.0 ±  0.80
"Li 163.4 163.1 ±  0.03 2.5 2.8 ±  0.10
motion.
Analyzing Power
The cross section for scattering from a  polarized target is related to  the unpolarized 
cross section through a  Cartesian tensor expansion (see Section 4.4). For a  sp in -i 
target such as 1 H, this expansion truncates at the vector term  since their can be 
no higher order tensor components. The cross section is thus
crp0i = cr0(l  + A yp ■ n j  (63)
where <7o is the unpolarized cross section, A y is the vector analyzing power, p is 
the target vector polarization and h — k{ x  k j / \k i  x kj\ where k{ and k j  are the 
mom enta of the projectile and detected particle, respectively.
If the target is polarized perpendicularly to the scattering plane and parallel to 
n, (63) can be viewed as simply the equation for a straight line with independent 
variable p, intercept cr0  and slope a-0A y. Therefore, the vector analyzing power 
may be extracted by fitting a  plot of cross section versus polarization with a 
straight line.
The analyzing power for the 1H yields extracted from the SUSI singles spec­
tra  was obtained by first normalizing the yields to the incoming beam , target 
thickness, wire cham ber efficiency and frontend efficiency. It was not necessary to 
perform an absolute normalization since (Tq divided out of the calculation for A y 
and thus, relative yields were sufficient. The relative yields were plotted versus
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the !H target vector polarization and fitted with
Yifj = a — bp. (64)
where, in comparison to  (63), the analyzing power is A y =  b/a and the minus 
sign entered due to  the  fact th a t, in this experim ental geometry, h  was actually 
anti-parallel to p. The plot with the fit of (64) is shown in Figure 25.
The result of this fit is compared to  the SAID phase shift analysis[34] as 
well as other 1 H (tt+ , ~+) d a ta  [35] [36] [37] [38] in Figure 26. At this point, 
the phase shift calculation does not include d a ta  from the current work, [35] or 
[38]. The current work has error bars com parable to  or smaller than most of 
the d a ta  shown and confirms the  trend of the  d a ta  in [38] which closely follows 
the extrapolation of the  phase shift calculation. The da ta  points at 123.5deg 
and 142.8deg [35] also extracted from A E-E • complementary counter coincidence 
data  from this experim ent. They both have relatively large uncertainties bu t do 
support the existing data. Thus, all indications suggest th a t the current work 
predicts correctly th e  1 H(7t +, x +) analyzing power, providing a  high degree of 
confidence in the  NM R polarization measurements.
3.5 .4  R un P lan
Decisions on how to best utilize the available beam tim e were based on momentum 
settings for proper coverage of the cross section, the m agnitude of the target 
polarization, and minimization of possible system atic errors.
M om entum  Settings
Although SUSI had a  m om entum  acceptance of ±10%  d p /p  (see Section 4.1.1), it 
still did not cover th e  entire m om entum range of interest for the 7 Li(x+,pp) cross 
section. As shown for the quasi-free kinematics in Figure 27, SUSI had to be run at 
2  different m om entum  settings in order to provide full coverage of the differential 
cross section. The higher mom entum setting was a t psusi = 600M e V /c  which 
covered the quasi-free peak where the predicted vector analyzing power was rather
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8.5 • <Tq  = 9.25 ±0.0639  
Ay = 0.182 ±0.0192  
reduced x  =  1.287
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Figure 25: Normalized *H yields plotted versus target vector polarization and 
fitted to  a  straight line y — a — bpz such th a t the  analyzing power is given by 
A y =  b/a.
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1H(7r+,7r+) Analyzing Power
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Figure 26: Analyzing power as a function of center of mass scattering angle for 
1 H(7r+, 7r+) a t T„ =  165 MeV. External references are as follows: open diamonds, 
reference [38]; filled diamonds, [35]; open squares and open circles, [36]; open 
triangles, [37].
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Figure 27: DWIA predictions for the differential cross section and vector analyzing 
power for 7 Li(7r+,pp) to  the  ground state of 5He at the quasi-free angles 9susi =  
38° and 9P =  —120.3°. The shaded areas show coverage and overlap of the two 
SUSI momentum bites.
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small. The lower momentum setting was psusi =  510M e V /c  which extended over 
a range in which a substantial vector analyzing power was predicted.
The two m om entum  bites also served to separate contributions to  the cross 
section from transitions to  different excited states in the  residual 5He nucleus. 
Different transitions are characterized by the  orbital angular m om entum , L, trans­
ferred to  the residual nucleus. In the  DWIA, for certain values of L the reaction 
dynamics could be studied separately from distortion effects (see Section 2.2.2).
Polarization
The target polarization affected the  run plan in two ways. F irst, th e  tim e to  polar­
ize the target introduced system atic errors. Since the target could not be polarized 
very quickly, it was generally desirable to hold it in a  particular polarization state 
for a long period of time. On th e  other hand, gain shifting of amplifiers over 
tim e and other such systematic considerations were of concern since they were a 
potential source of false asymmetries if not sampled randomly by all polarization 
states. To address these concerns, the running tim e with th e  polarized target 
was divided such th a t a cycle containing the three possible vector polarizations 
(+.0.-) was completed three times. This helped to  minimize any system atic errors 
affecting the asym m etry measurements.
The target polarization also carried statistical ramifications for the projected 
uncertainty in the  measured asymmetry,
^  =  i r r i r  (65)<7+ +  <7_
where a + (<r_) is the measured cross section for positive (negative) target vector 
polarization. Assuming no appreciable background was present, the statistical 
error in the asym m etry was estim ated by
A A , *  - 1 =  (6 6 )
P z v N
where p. was the magnitude of the target vector polarization and N was the yield
(ie. counts). Obviously, larger polarizations required fewer statistics to achieve
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comparable errors. This relationship thus determ ined the  am ount of running tim e 
necessary a t each polarization state to  achieve the desired uncertainties based on 
the fact th a t the maximum available target vector polarization was not more than 
~  45%.
Solid Target
Time was allotted a t the end of the running period in which to  m easure the 
absolute 'L i( 7r+,pp) cross section. This measurement utilized a  solid "Li target 
placed in a  rigid holding device. Results from these m easurements are the subject 
of the Ph.D . Thesis of T. Payerle[42].
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D ata R eduction
The (7r+,pp) coincidence d a ta  collected in this experim ent were analyzed offline by 
first replaying the raw d a ta  from tape using th e  HIX analyzer (HIXANA). HIX- 
ANA applied the detector calibrations, performed corrections to  the data  where 
necessary and filtered out bad events based on gates and tests. Corrections to  the 
raw data  included energy losses incurred through m aterials in the experim ental 
apparatus, wire cham ber efficiencies, and the SUSI mom entum acceptance. In 
addition, particle identification was performed, a  gate was placed on the SUSI 
momentum acceptance, and a test on the SUSI wire chamber coordinates was 
used to filter reaction losses.
In the final stage, HIXANA wrote two-dimensional histograms of missing mass 
versus SUSI energy to disk. The two-dimensional histograms were projected onto 
the MM axis while applying the SUSI m om entum  acceptance correction. Then 
lineshape fitting was performed on the one-dimensional MM histograms using the 
ALLFIT routine (see Section 4.3.2) in order to  extract the yields for the  5He 
final states. For each final sta te , the yield was normalized to all run-dependent 
param eters and plotted versus the vector polarization. The dependence of the 
relative cross section on polarization was param eterized in term s of vector and 
tensor analyzing powers. The analyzing powers were then determined by fitting 
the relative yield versus polarization plots with the param eterization.
74
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4.1 Instrumental Calibrations and Corrections
4.1.1 SU SI 
Calibration
The m om entum  of a  particle passing through SUSI was calculated using
PsuS I  =  Pcentral T" ( 6  I )
where 6p was the deviation from the SUSI central m om entum  setting, p centrai- 
The SUSI calibration was carried over from a  previous experim ent [9]. However, 
as discussed in Section 3.5.3, the fitted positions for the elastic scattering peaks in 
the SUSI energy spectra fell well within resolution limits from their actual values 
as determ ined by kinematics (Figure 22).
W ire Cham ber Efficiency
The ratio of good wire cham ber hits to the total number of SUSI events is the wire 
chamber efficiency. The efficiencies were categorized in term s of the multiplicity 
which is a  measure of the number of simultaneous hits in a  MW PC. Typical 
multiplicities for all M W PC’s, shown in Figure 28, ranged from zero to four. A 
zero indicated th a t none of the wires had fired. Possible reasons for zero hit 
events include malfunctions in the electronics, deposits of insulating materials on 
the wires, and the statistics of the ionization process. A single hit was recorded 
when only one cluster was present. This was considered to  be a  ’’good” hit. If 
several clusters were present, the corresponding multiple hits were recorded. A 
possible cause for m ultiple clusters is an accidental coincidence in which another 
particle or particles either coming directly from the beam  or scattering off a piece 
of hardware enter the  MW PC and are recorded simultaneously w ith the true event.
Not all m ultiple hits were necessarily bad however. It was possible that an 
event registering two clusters was actually a single cluster which contained some 
dead wires causing a  hole. The most likely candidates for this situation are two 
cluster events whose cluster centers are separated by <  3 wires. Figure 29 shows
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X6 Multiplicity [09:59:49]X4 Multiplicity [09:59:491 X5 Multiplicity [09:59:49]
X7 Multiplicity [09:59:49]Y4 Multiplicity [09:59:49] Y5 Multiplicity [09^9:49]
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Figure 28: Multiplicities for SUSI M W PC’s. These are histograms with unit 
binning showing zeros to  m ultiplicity =  5.
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that, there was a  significant fraction of double cluster events whose centers were 
separated by only a  few wires. As such, these events were labeled as "good 
doubles” and recovered as singles.
In practice, information from all of the M W PC’s is required to  reconstruct the 
kinematics of the particle. Thus, anything other than a  single h it (multiplicity =  
1 ) was rejected due to the resulting ambiguity of the particle’s track. Using this 
definition of a  good M W PC event, the chamber efficiency is
_  N g O O D C H A M B E R  / c c ,^
7?cham ber  * r
M susi
where N x  is the count for event X  and GOO D C  H  A M B E R  means a M W PC 
event with m ultiplicity =  1 . The efficiency for each M W PC was calculated in­
dividually using (6 8 ). The total chamber efficiency was then th e  product of the  
individual efficiencies. Typically, the total chamber efficiency was on the order of 
0.65.
M om entum  A cceptance
The SUSI spectrom eter was capable of accepting a  broad range of m om enta (±  
15% po) bu t could not detect the entire range with m axim um  efficiency due to 
optics. Therefore, a  functional form for the m om entum  acceptance profile was 
needed to correct for the inefficiencies. The m om entum  acceptance function was 
determined by directing a beam of particles with a  m om entum  spread th a t was 
small in comparison to the acceptance through the spectrom eter. The spectrom ­
eter magnet settings were varied so as to  sweep the beam  across the full range 
of the acceptance. The relative yields for each spectrom eter setting  were then 
plotted against 5p/po and fitted to  define the  acceptance function.
Ideally, the  pion beam  directly from the  channel should have been used to 
perform the acceptance scan due to  its narrow m om entum  spread and high degree 
of tunability. However, SUSI could not be placed directly into the  beam due to 
the target and the  table for the AE-E detectors. Instead, a solid CH 2 target 
was installed and the pion elastic scattering peak from the *H was used. W ith
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Figure 29: Number of wires between the cluster center position for doubles events. 
Those events whose difference is only a few wires were considered singles contain­
ing a hole and were recovered as singles.
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Po =250.5 M eV/c, SUSI was tuned in 5% Sp/po increments for the full ±  15% 
range around po-
The pion elastic scattering spectrum  for the Sp/po =  0 setting  is shown in 
Figure 30. ALLFIT was used to extract yields and account for the  background 
contamination from inelastic scattering off of the Carbon. All peaks were de­
scribed using the standard hypergaussian lineshape with no asymmetries. The fit, 
with peaks labeled, is also shown in Figure 30. A similar fit was performed for each 
<*>p/po setting and the yields for the : H peak were normalized to  the Sp/po =  0  
setting and plotted as shown in Figure 31.
The form for the acceptance function is
^Acceptances) = d0 -  dx(x -  1) -  d2{x -  l ) 2 -  d3(x  -  l ) 3 -  d4(x  -  l ) 4
(69)
where x  =  psusi/po■ A linear least squares fit to (69) is shown in Figure 31 along 
with the fit results.
4.1.2 AE-E D etectors  
Calibration
Calibrating the A E-E detectors involved determining the correct gain parameters 
for the ADC’s. The proton energy was determined from the ADC channel using
E p[M eV ] =  (Ch  -  Ped)g (70)
where Ch  was the ADC channel, Ped  was the pedestal and g was the gain in 
MeV/channel. The pedestal was the zero offset channel which was determined by 
looking a t the ADC ou tpu t when no input was applied.
Incorrect gains had a  visible effect on plots of missing mass (MM) versus SUSI 
energy. W ith incorrect gains the bands corresponding to  the various final states 
were severely sloped. W ith the correct calibration, these bands appear parallel 
to the E susi axis a t the appropriate MM. Figure 32 shows the MM versus Esusi 
plots both before and after gain corrections.
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Figure 30: SUSI energy spectrum  for pion elastic scattering from CH2  correspond­
ing to  the Sp/po =  0 setting of the  acceptance scan.


















Figure 31: The SUSI momentum acceptance function. The da ta  points are the 
pion elastic 1FI yields normalized to  the Sp/po =  0  point.
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Figure 32: Missing Mass vs. Esu s i for the quasi-free kinematics. Missing mass 
bands corresponding to  the final states are sloped due to  incorrect ADC gain 
param eters for the A E-E’s (upper panel). By straightening the bands, correct 
gain param eters are determined (lower panel).
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The correct gains were obtained by straightening th e  MM using the slope of the 
measured MM versus Esusi-  As a  notational aid, prim es were placed on measured 
variables while unprimed variables denoted the results of the  gain correction.
The missing mass was defined in (81). In addition, E su s i  was assumed to  be 
known in all cases. Under these conditions, the slope of the measured MM vs 
E susi was
, _  d(MM)'  i, , dE'p '
d E su si d E su si ‘
The same equation held for th e  corrected slope by replacing the  primed variables 
with unprimed variables and substituting s  =  0  which yielded
dEp =  —dE susi (72)
and hence
w P = s' + 1  (73)
from (71). Using the chain rule, derivatives of the  proton energy were recast in 
term s of the gains g and g
d E ’p _  dE'p dg' dg
dE p dg' dg dEp
From (70),
= s + l. (74)
^  = i t  = C h - p ed  (75)
which cancels in (74) leaving
dg'
i = s + L  <76>
This expression was then integrated to yield the corrected gain as a function of 
the incorrect gain and the measured slope
* = 7 T T  <77>
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4.1 .3  Energy Loss
The energies detected by both SUSI and the AE-E’s had to be corrected for energy 
losses in the target material, the  target cavity, the cryostat, tim ing and beam def­
inition scintillators, and detector wrappings. Particle energy was reconstructed in 
software by adding in the energy losses calculated from knowledge of the material 
composition and thickness. In particular, the energy loss was calculated using the 
Bethe-Bloch equation [43]. At startup , the HIX analyzer read in a precalculated 
energy loss table for each particle/m aterial combination. The tables consisted of 
three columns; initial kinetic energy, energy deposited in the m aterial, and resid­
ual kinetic energy. When energy loss information was required, a  cubic-spline 
interpolation of the appropriate energy loss table was performed. The lookup 
method was chosen over direct event-by-event calculation to minimize processing 
time.
4.1 .4  D ead T im e
The fraction of event triggers for which there was no com puter readout was used 
to measure the dead tim e of the acquisition system. Scalers were used to  count 
the num ber of event triggers and the number of readouts independently. Because 
of high event rates coupled with the finite amount of tim e required to readout 
and process data, the frontend computers were not always available for readout 
when the next event trigger was counted. Yields were corrected for dead tim e by 
applying the frontend efficiency:
readouts
Vf e  = -----------  • (78)event triggers
In this experiment, tjfe was typically not less than ~  0.93 and remained stable 
to within ±  0 .0 2 .
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4.2 Gates and Tests
4.2.1 Particle Identification
In order to  recognize a  true coincidence event, the particles entering each detector 
had to first be separately identified. Depending on the apparatus, particle identi­
fication may be achieved through a variety of methods. Two of the most common 
methods, those used in this experiment, are tim e of flight (TOF) and energy loss 
( A E - E ) .
SUSI
Particles passing through the SUSI spectrom eter were identified by their TOF 
using the scintillators S3 and S4 a t the  entrance and exit of SUSI respectively. 
The logic signals from discriminator outputs for S3 and S4 were routed to  a 
coincidence unit with an adjustable delay tim e placed between them  to select a 
specific TO F. The S3-S4 timing was sufficient to uniquely determine particle types 
since particles having equal mom entum bu t different masses will travel a t different 
velocities.
The S3-S4 timing was calculated with knowledge of the mass and momentum 
of the particle as well as the length of th e  flight path through the spectrom eter. 
For example, when detecting pions, the central momentum setting was psusi =  
270M eV /c . The velocity of the pion was then calculated using the relation /? =  
Psusi/ E  where E is the total energy. W ith a flight path of l3USi =  8.61m the TOF 
for pions through SUSI was
T O F , =  ^ p  =  32.4ns (79)
P C
where c is the speed of light. The S3-S4 timings for all particle/m om entum  combi­
nations used are listed in Table 6 . Kinematics prohibited any pions from satisfying 
the proton tim e gate and, since the S3-S4 timing resolution was less than 2 ns, 
any possibility of seeing a proton in a pion tim e gate was eliminated due to the 
large difference in their TO F’s (~  70 ns a t 270 M eV/c).
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Table 6 : S3-S4 timings for particles passing through SUSI.




In addition to  TO F, the  SUSI M W PC’s aided in particle identification. An 
S3-S4 coincidence event did not necessarily prove th a t a particle had passed 
through the spectrom eter. It was possible tha t random  events, such as p arti­
cles scattered from the  experimental apparatus, m ight satisfy the coincidence, 
producing what appears to  be a  good event. These accidental or random coin­
cidences were filtered in the  offline analysis by defining a  true SUSI event as an 
S3-S4 coincidence along with good hits in all SUSI M W PC’s (ALL CHAMBERS 
GOOD). The accidental rate for SUSI events was less than one percent.
A E — E D e te c to rs
Particle identification in the A E — E detectors was based on the fact tha t if two 
particles of unequal mass having identical kinetic energies pass through a m aterial, 
the lighter particle, due to  its smaller mass and thus higher velocity, will have a 
smaller probability of undergoing interactions within the  m aterial than the  more 
massive particle. As a  result, the more massive particle will lose a larger am ount 
of its kinetic energy within the m aterial.
The AE — E detector was constructed to  take advantage of this phenomenon. 
As described earlier, the  active materials were two pieces of plastic scintillator. As 
particles entered the detector, they first passed through the thin scintillator (AE) 
before being stopped in the thick scintillator (E). The total energy detected was 
obtained by summing the  energy deposited in each scintillator. This total energy 
was then plotted versus the  energy deposited in the  AE. As displayed in Figure 
33, for any value of the to tal energy (AE +  E) a clear separation occurs along the
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A E axis indicating the presence of different masses with the less massive particles 
tending toward lower A E values. The boxes in Figure 33 indicate the  actual 
particle types which were detected. Using these box cuts, the  desired particles 
were uniquely identified.
4.2 .2  M uon R ejection
When using SUSI as a pion spectrom eter, muon rejection refers to rejecting SUSI 
events for which the pion decays within the spectrom eter, releasing a  muon. If the 
decay occurs near the entrance of SUSI, the  S3-S4 tim ing will discrim inate against 
muons. Near SUSI’s exit, T O F is not sufficient to  reject muon events. However, 
since the muon has a  different m om entum  it is possible to  reject such events by 
exploiting the  good correlation between the azim uthal angle as measured by the 
entrance M W PC’s X4 and X5 and th a t m easured by the exit M W PC’s X 6  and 
X7. A plot of X 6  - X7 against X4 - X5 (Figure 34) reveals a  well defined band 
indicating the good events. This figure shows the  case of protons in SUSI which 
is described below. The term  //.-rejection, although a misnomer, is retained in 
this case for consistency. Surrounding this band was a  scattering of events which 
were excluded by the  box cut shown. Yields were corrected for the lost events by 
applying the muon rejection efficiency
N i n m u b o x  , o n s
*  =  T S T  (80)
where INMUBOX was an event lying within the  box surrounding the pion band.
This concept was also applicable to  the detection of protons in SUSI. Protons 
are susceptible to  Coulomb and nuclear reactions within the detection materials 
such as the  scintillators or the M W PC gases and windows. These reactions change 
the proton’s m om entum  thereby altering its pa th  through the spectrom eter. The 
muon rejection as applied to protons thus accounted for reaction losses rather 
than particle decays. The m ethod was identical to  tha t for pions except for a 
slight modification to  the size and shape of the box cut.
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Figure 33: Plot of energy deposited in AE versus the  sum of energies in the 
A E and E. For any particular E, a distinct separation occurs along AE allowing 
particles of different mass to  be identified.
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Figure 34: Scatterplot of X6  - X7 vs. X4 - X5 showing the band and box cut 
used for rejecting protons which had scattered within the spectrometer. The term  
//-rejection is retained for the case of protons in SUSI for consistency.
SUSI //-rejection
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4.3 Coincidence Yields
For the coincidence measurements, events were filtered in HIXANA based on the 
following summary of gates and tests:
•  SUSI • PROTON SUSI and A E-E in coincidence.
•  ALLCHAMBERS =► good hits in all SUSI M W PC’s.
•  INMUBOX => ^-rejection box.
•  ±  1 0 % SUSI mom entum acceptance gate.
•  PID => particle identification in AE-E.
The missing mass (MM) was the chosen representation for the coincidence 
data since it cleanly separated the final states. In the MM calculation, the initial 
pion energy and the  target mass were known. The magnitude and direction of 
the m om enta for the  two exiting protons were determined. This provided enough 
information to calculate the recoil m om entum of the residual nucleus assuming 
that the 5He core was initially a t rest within the ‘Li nucleus. The missing mass 
was thus defined as
M M  = TV — TsUSI — Tp — Trecoil +  Q *d-PP (81)
where T- is the initial pion kinetic energy, E su si is the kinetic energy detected 
by SUSI, E p is the kinetic energy detected by one of the  A E-E’s, and Trecon is the 
calculated residual nucleus recoil kinetic energy. The d(ir+,pp) Q-value, Q-d—pp. 
was added in order to  place the d(7r+,pp) peak a t zero in the MM spectrum. Once 
all detector calibrations, efficiencies and losses were properly accounted for, the 
MM was a measure of the total energy absorbed in the  reaction due to binding 
energies and excitation of the residual nuclei. The combined momentum resolution 
of the beam , SUSI, and the AE-E detectors yielded a MM resolution of 5 Mev 
which provided adequate separation between the 5He final states.
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4.3 .1  M issing M ass P rojection
The missing mass histograms used for extracting coincidence yields were pro­
duced by projecting the two-dimensional MM vs Esu s i  histograms onto the  MM 
axis. The reason for projecting a  two-dimensional histogram ra ther than binning 
a one-dimensional MM histogram was to facilitate the application of the SUSI 
mom entum acceptance correction. Once the projection was made, all information 
about E su s i  was lost in which case the m om entum  acceptance correction was 
impossible.
4.3 .2  F ittin g  P rocedure
All missing mass spectra were fit using the lineshape fitting routine ALLFIT[33]. 
Two of ALLFIT’s available resolution functions, the  hyper-gaussian and the 
Lorentzian, were sufficient to  describe all features of the  missing mass. The bound 
final states resulting from absorption on the 7Li and the 4He as well as the free 
d ( 7r+ ,pp) were described by th e  standard hypergaussian lineshape. The hyper- 
gaussian is a  segmented function. The central region is an asym m etric gaussian 
of the form
R (x) =
Ae  Kx *o) 2 / * £ ] 7  x  < xo
(82)
A e - [ ( x - X0)2N 2Rr  X > X Q
where the asym m etry of the peak is defined by the two different widths, 0 7  and 
(j r . In addition, by adjusting the exponent, 7 , the peak can be made more or 
less sharp than  a  standard gaussian. The two outer regions are tails described by 
exponential functions. Overall, asymmetries were small or non-existent, the peaks 
were consistently less sharp than  gaussian and tails were completely non-existent 
in all cases except the  high missing mass side of the 4He (as described below). 
The unbound resonant shape corresponding to  absorption on 7Li with transitions 
to excited states in 5He was described quite well by the Lorentzian lineshape.
Lineshape param eters were fixed using a combination of background and fore­
ground runs. The full target spectra were then fit allowing only the  peak heights
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
C H A P TE R  4. D ATA REDU CTION 92
and relative positions to vary. Yields from the calculated areas were normalized 
to run-dependent efficiencies and tabulated  for further analysis. Poor statistics 
in the  outer most A E-E’s ( 1  and 5) prevented reliable lineshape fits for these 
detectors. Hence, the  analysis was restricted to  the  three central coincidences ( 2  
through 4).
Background
At the end of the  running period with th e  polarized target, the 'LiH and the 
Cd2  foil were removed from the target cavity to provide a clean m easurem ent of 
(~+,pp) from all background sources. The background sources were mainly the 
components of the  dilution refrigerator consisting of stainless steel, 3He and 4 He. 
In addition, brass from the microwave cavity, which also served as a  cup for the 
LiH, was a potential source of background.
Large Q-values prevented any overlap between background contributions from 
the heavier sources (stainless steel and brass) and the region of interest in the MM. 
However, the 4He was a potential source of significant background contam ination.
The 4He background lineshape was slightly asymm etric and, unlike other 
peaks, possessed a  sizeable tail on the high missing mass side (Figures 35 and 
36). The origin of the  tail stems either from reaction losses in the detectors or 
from the reaction 4 He(7r+ ,pp)pn.
Foreground
In a m anner analogous to the background runs, foreground measurements were 
performed with the LiH and Cd2  foil present but all 3He and 4He absent from 
the mixing chamber. F itted  MM spectra for the three central A E-E’s from both 
m om entum  bites are shown in Figures 37 and 38. All three coincidences had 
MM peaks from absorption on 7Li with transitions to  the ground state  and ex­
cited states in 5 He. The coincidence for th e  quasi-free kinematics, SUSI • E3 at 
600MeV/c, contained an additional peak near zero in the  MM from d(7r+ ,pp).
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Figure 35: F its for the background runs with only 4He in the target a t p su s i= 600 
MeV/c.
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Figure 36: Fits for the background runs with only 4He in the target a t p su s i= 510 
MeV/c.
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Figure 37: F its to  MM spectra from foreground runs at p su s i= 600 M eV/c.
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Figure 38: F its  to  MM spectra from foreground runs at p su s i= 510 M eV/c
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Full Target
Figures 39 and 40 display the results of combining the foreground and background 
lineshape param eters and fitting the full target spectra. The lineshape param eters 
for each peak were held fixed with the exception of peak height and relative 
position. All peak heights were allowed to  vary independently. Also, foreground 
peak positions were locked relative to  one another and the overall position was 
dic ta ted  by the peak at the low end of the MM. The 4He background position was 
allowed to vary independently of the foreground to  account for system atic shifts 
in amplifier gains that may have occured between the measurements. However, 
comparison between the background and full target fits revealed tha t the 4  He peak 
positions agreed well within the  overall missing mass resolution (~  5 MeV).
4.3 .3  N orm alized Y ields
As discussed in the next section, asymmetries were obtained by com paring rel­
ative yields resulting from different polarization states of the target. T he term  
relative means th a t the yields were normalized to  all run-dependent quantities, 
bu t not absolutely normalized to  account for solid angles since these geometrical 
corrections cancel in the asymmetry.
Yields corresponding to each final s ta te  were determined from the calculated 
areas. Normalizations included the integrated beam  current, /„ , the combined 
efficiencies of all SUSI M W PC’s, t}w c , and the frontend efficiency, t)f e - The 
normalized yield was thus
Ynorm  =   • (83)
U  V w c  VFE
4.4 Analyzing Powers
Following the Madison Convention [44], the  differential cross section for scattering 
of polarized particles may be expanded in either spherical or Cartesian tensors. 
The nom enclature defined in this convention labels tensors describing th e  state 
of spin orientation with the word polarization and those describing the effect of
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
C H A P T E R  4. DATA REDUCTION 98
$susi= 38 Psusi— 600 MeV/c
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Figure 39: Fits to full target runs at psu si= 6 00 M eV/c showing combination of 
background and foreground lineshapes.
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Figure 40: Fits to full target runs at psu si= 510MeV/c showing combination of 
background and foreground lineshapes.
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initial polarization of a  target on the  differential cross section with the term  ana­
lyzing power. The tensor expansions are expressed in the following notation:
Polarization Analyzing Power
Spherical t kq Tic, |q| <  k
Cartesian Pi, Pij Ai ,  A i j i,j =  X,y,z
where the analyzing power tensors obey the orthogonality condition
T r [ T lq„ Tkq] = (2j  +  1  )Skk,8qql. (84)
The coordinate system defined in the Madison convention is oriented such tha t 
the z-axis (k) is along the  incident beam direction, the  y-axis (n ) points in the
direction of ktn x kout and the x-axis (p) is chosen to  produce a  right-handed set.
W ith this choice of axes, th e  analyzing power tensors obey the  relationship
Tkg =  { - l ) k+qTk. q. (85)
Parity conservation in this system requires th a t the analyzing power tensors be 
invariant under a 180° rotation about n . This produces the  restriction Tkq =  
( - l ) % o r
k  =  even =>■ Im(Tfcg) =  0
k  =  odd =>• Re(T)t9) =  0. (8 6 )
It is intuitive to perform the  expansion initially in spherical tensors due to the 
nature of angular m om entum  representations. The expansion of the differential 
cross section for a  sp in - | system  takes the form
= O o ± ± ^  <*>
where is the cross section for the unpolarized system. It is convenient to
refer the polarization tensors to  a  coordinate system where k is aligned with the
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spin quantization axis of the target since, in this orientation, only tio ,tW landtzo 
are non-vanishing. Since the  analyzing power tensors are always referenced in 
accordance with the Madison convention, the  polarization tensors are transformed 
to  the  rotated representation which takes the  spin quantization axis of the target 
onto n.
For comparison with the  experim ental data, the Cartesian representation was 
more appropriate. Relating all spherical and Cartesian tensors to  the spin angular 
m om entum  operators for the  sp in - | system , the spherical form for the polarized 
differential cross section given in (87) was converted to Cartesian coordinates 
yielding
/  da \ / da  \ r 9 9 ^
(d & r o i=  (rfft)o I1  +  l PzAy +  PzzAyy +  $P~'~A yyy\ • (S8)
Only the  rank 1  (vector) polarization, pz, was measured during the experiment. 
Higher ranking polarizations were inferred from pz using equal spin tem perature 
theory. Under th e  assumption of equal spin tem perature, the ratios of populations 
among adjacent magnetic sublevels are given by the Boltzmann distribution
* (3 /2 )  * ( 1 / 2 ) * ( - 1 / 2 ) AE/kT
* (1 /2 )  * ( - 1 / 2 )  * ( - 3 / 2 )   ^ J
where * (m )  is the population of sublevel m . Along with the normalization con­
dition * (3 /2 )  4 - * (1 /2 )  +  * ( —1/2) +  * ( —3/2) =  1, (89) was used to calculate 
the second and third rank polarizations in term s of pz yielding [45]
P.. =  | § p2 +  H g p l  +  O(pf) (90)
= + S  +  (91)
For typical values of pz (~  0.45), the rank 2 term , pzz, was on the  order of 30% 
of pz (~  0.16) and was retained for d a ta  analysis. The rank 3 term , pzzz, fell to 
less than  3% of pz (~  .01) and was neglected.
The first step in extracting the  analyzing powers was creating a  plot of the
normalized yields as a function of pz. A cycle of negative pz as a function of tim e is
shown in Figure 41. During the experim ent, da ta  collection usually began before
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pz had reached a  plateau. Each collection period, or run, was 3 to 5 hours long 
and pz was measured once per hour. While p- was climbing, it changed as much 
as 5% during a single run. Since the cross section varies w ith pz, minimizing the 
change in pz for a  single yield is essential. Therefore, in the offline analysis, runs 
were broken into 90 m inute tim e intervals which lim ited the change in polarization 
to 1% or less. The value of p~ for each 90 m inute period was determined by linear 
interpolation (see Figure 41).
The plot of normalized yield versus pz was fit with (8 8 ) to  extract the analyz­
ing powers. A linear least squares fit was used with ( ^ )  ? A  and A yy as free 
parameters. The rank 2 polarization, pzz, was calculated using (90) and A yyy was 
set to zero. An exam ple fit is shown in Figure 42.
4.5 Error Analysis
All errors displayed in the analyzing power results are derived from the relative 
uncertainties in th e  yields calculated by the fitting routine. The yield is just the 
calculated area of a particular lineshape based on th e  fitted param eters. Each 
fitted param eter has an associated uncertainty which is propagated through the 
area calculation. The uncertainty in the area is then summed in quadrature with 
the statistical uncertainty to give the relative error. T he relative error accounts for 
statistics as well as the  uncertainties in the beam energy and the measured proton 
energies since the uncertainties in the fitted param eters become larger when peaks 
are not cleanly separated in the energy spectrum .
The relative error does not account for system atic uncertainties. The possible 
sources of system atic uncertainty are the physical placement of the detectors, the 
target angle, the size and position of the beam spot on the target, and changes 
in solid angles during the running period. Changes in solid angle were eliminated 
by maintaining a  fixed experimental geometry. The combined uncertainty due to 
detector placements and target angle are estim ated to  be less than  one percent. 
This is insignificant when compared with the statistical error which was on the 
order of five percent a t minimum.
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Figure 41: Negative vector polarization, pz, versus tim e. Yields were collected 
before pz reached a  plateau. Linear interpolation was used to determine p~ for 
each yield. The linear interpolation falls well within the  6p/p  =  0.04 measurement 
error. The discontinuity in the plot corresponds to an adjustm ent of the microwave 
frequency causing polarization to occur more rapidly.
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<70 = 160.0e-3 ±1.84e-3 
Ay = -5.13e-3 ±13.0e-3 
Ayy = -22.6e-2 ±17.0e-2 
reduced x  =1.125
0.05
0.0
-0.4 - 0.2- 0.6 0.0 0.2 0.4
Polarization
Figure 42: Normalized yields plotted versus p~ and fit to  (8 8 ). A slope is an 
indication of some vector analyzing power, A y, and deviation from a  straight 
line indicates a contribution from the rank 2 tensor analyzing power, A yy. The 
geometry and fit results are given in the plot.
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T he size and position of the  beam spot on the target were also not a  significant 
source of uncertainty. Throughout the experiment, both  th e  beam position and 
profile were monitored to  ensure proper illumination of the  target. Furtherm ore, 
any large systematic uncertainties due to  beam spot movement would have been 
evident in the ~p analyzing power measurements presented in Section 3.5.3.
The most significant uncertainty not included in the  relative error is the  un­
certainty associated with the measurement of the polarization. The uncertainty 
in the  polarization is quoted to be 0.04p.. The error in the  analyzing power 
due to  the polarization uncertainty is A A y =  0.04j4y. This m ust be sum m ed in 
quadrature with the relative error to give the true error in the measurement.
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Chapter 5 
R esults and Discussion
Results for the vector and tensor analyzing powers are presented here along with 
a comparison to  th e  DWIA calculations outlined in C hapter 2. F irst, the vector 
analyzing power, A y, is presented and compared to the full DWIA calculation. 
Second, calculations of A y and the differential cross section are discussed for dif­
ferent cases. Finally, results for the rank 2 tensor analyzing power, A yy, are shown.
5.1 Vector Analyzing Power
5.1.1 7Li R esu lts
The measured vector analyzing powers for both SUSI m om entum  settings and 
5He final states are shown in Figure 43. The three da ta  points in each graph 
represent coincidences between SUSI and the three central A E-E  detectors. The 
two upper panels in the figure show results for the transition to  the 5He ground 
state and the lower two panels show those for the 5He 16.8 MeV excited state 
transition. At 600 M eV/c, the measured A y is consistent w ith zero within the 
error bars for both the ground state and excited state transitions. At 510 MeV/c, 
there is a  small analyzing power a t the most backward angle for the  transition to 
the excited state.
The DWIA calculations corresponding to each case in Figure 43 are shown
106
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Psusi— 600 MeV/c #susi = 38 Psusi= 510 MeV/c $susi— 38
0.2
0.1





< T  0 . 0  


























Figure 43: Vector analyzing power, A y, as a function of proton scattering angle. 
The 5  He final states are labeled by J* and excitation energy. The three data 
points in each graph correspond to the three central A E-E detectors.
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with the data  in Figure 44. All calculations were integrated over the geometrical 
acceptance of the A E-E’s and the energy acceptance of SUSI, and were averaged 
over SUSI’s angular acceptance in the  scattering plane. The 600 M eV/c momen­
tum  bite covers the region of the  quasi-free reaction. Therefore the  ground state 
transition (L=0,2) is dominated by L=0 transfers for this m om entum  bite, yield­
ing small values of A y. At 510 M eV/c, where the L=2 contribution becomes more 
im portant, the DWIA predicts large values for Ay for transitions to  the ground 
state. The excited state transitions are primarily due to L=1 transfers for both 
mom entum bites and, thus, exhibit large calculated values for A y.
As can be seen from the figure, the  DWIA not only overestimates the  mag­
nitude of the analyzing power but also predicts a  very different behavior as a 
function of angle. The only exception is for the quasi-free kinematics (the central 
da ta  point for the ground s ta te  transition in the 600 M eV/c m om entum  bite) 
where the predicted A y is nearly zero due to  the strong L=0 component and is in 
agreement with the measurement.
As an a ttem pt to  understand the discrepancies between the DWIA and the 
data, tests of the DWIA input were performed. Comparisons w ith the x +d —> pp 
case were studied since the DWIA uses the empirical pp —> x+d pion production 
am plitudes of Bugg et. al. [46] to determ ine the two-body transition m atrix. In 
Figure 45, phase shift calculations of A y for x +d —> pp using the  Bugg amplitudes 
are compared with data from Smith et. al. [17]. In the energy region T - =  140 
to 219 MeV, the calculations agree well with the data  as a  function of both angle 
and energy. Thus, the Bugg am plitudes should provide an accurate description 
of the ttNN vertex a t T„- =  165 MeV. The kinematical behavior predicted using 
the Bugg am plitudes to within the DWIA can be seen in in Figure 46 where 
the unpolarized differential cross section [42] for the ground s ta te  transition is 
shown along with the DWIA calculation. The DWIA is able to predict the energy 
dependence down to Tsu si — 150 MeV. However, the figure shows tha t the DWIA 
seriously under-estimates the m agnitude of the absolute cross section.
To investigate the dependence of the calculations on the various distortions, 
the DWIA calculations were repeated for cases where the distortions have been
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Psusi -  600 MeV/c $susi — 38 Psusi = 510 MeV/c #susi= 38
He[(3/2)" g.s.] ’He[(3/2)* g.s.]0 . 2 0.4
0 . 2
< •  0 . 0 0 . 0
-0 . 1 -0 . 2
-0 . 2 -0.4
He[(3/2)+ 16.8 MeV] ’He[(3/2)+ 16.8 MeV]
0 . 2 0.4
0 . 1 0.2
0 . 0
-0 . 1 -0 . 2
-0 . 2 -0.4
-130 -120 -110 -130 -120 -110
6p [degrees] 6p [degrees]
Figure 44: Comparison between the measured Ay and the DWIA calculations.
R eproduced  with permission of the copyright owner. Further reproduction prohibited without permission.
C H A P T E R  5. RESU LTS AND  DISCUSSION 110
d (7 r+,p p )  d ( 7 r \ p p )









  Bugget. al.
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Figure 45: Vector analyzing power for th e  reaction d (7r+,pp) as a function of the 
proton LAB scattering angle. The solid line represents a calculation using the 
production am plitudes of Bugg [46]. The data  is th a t of Smith [17].
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7U(7r+,pp)sHe[(3/2)’g.sJ
DWIA x 9.45
130 140 150 160 170 180 190 200 210
Tsusi
Figure 46: Unpolarized differential cross section for the ground state transition as 
a function of proton energy. This is an absolute cross section. The unpolarized 
data was taken using a  solid 7Li target a t the end of the running period. The 
DWIA is able to predict the kinematic dependence but fails to  determine the 
correct m agnitude.
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turned off individually. Figure 47 shows DWIA cross sections for cases where 
either the pion distortion or the distortion of bo th  protons is excluded. A plane 
wave impulse approxim ation (PWIA) calculation, corresponding to no distortion 
at all. is also shown for comparison. As expected, the PW IA calculations have the 
largest m agnitude since they do not account for any absorption in the entrance 
and exit channels. From the  figure, it is apparent tha t, in the absence of pion 
distortions, the DWIA cross section does not deviate greatly from the PWIA 
result. Thus, th e  distortion of the outgoing protons is contributing very little to 
the calculated cross section in the DWIA model. A similar effect can be seen in the 
vector analyzing power (Figure 48). Any substantial A y, within the framework 
of the DWIA, is due to  the distortion of the pion while the  proton distortion 
calculations closely follow the PWIA predictions.
5.1.2 4H e R esu lts
As a  consistency check of the fitting m ethod as well as the m ethod used to extract 
the relative yields, analyzing powers were determ ined for the  unpolarized 4He 
which was present in the  target cavity with the "LiH. The 4He was naturally un­
polarized because it has zero spin and, thus, the measured analyzing power should 
also be zero. A non-zero analyzing power for an unpolarized target indicates a 
systematic asym m etry which would alter the true  asymmetries for the polarized 
measurements. In Figure 49, the relative yields for 4He are plotted versus the "Li 
vector polarization, pz . The fits to (8 8 ) are shown in addition to a straight line 
with zero slope for comparison. The vector analyzing power is Ay =  0.0052 ±  
.017 which is clearly zero within the error bars.
5.2 Tensor Analyzing Power
The measured rank 2 tensor analyzing powers, A yy, are presented in Figure 50. 
DWIA calculations for the cases described in the previous section are also shown 
for the 600 M eV /c m om entum  bite. The DWIA indicates tha t A yy is insensitive to
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  Full DW IA
 Pion Distortion Only
 Proton Distortion Only
  PWIA
1 0 '-130 -120 -110 -130 -120 -110
0P [degrees] dp [degrees]
Figure 47: Angular distributions of differential cross sections are plotted for the 
full DWIA, pion distortions only, proton distortions only and PW IA.
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Figure 48: Vector analyzing power as a  function of proton scattering angle for the 
full DWIA, pion distortions only, proton distortions only and PW IA.
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- 0.6 -0.4 - 0.2 0.0
Pz
0.2 0.4
Figure 49: Vector analyzing power for 4 He. The analyzing power should be zero 
since 4He is unpolarized. Non-zero analyzing powers would indicate a systematic 
asymmetry. The solid line in the figure is the fit to  ( 8 8  with 4 j a s a  free param eter. 
The dashed line represents the same fit with A y fixed at zero.
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Figure 50: Tensor analyzing power, A yy, as a  function of proton scattering angle. 
The DWIA shows th a t A yy is insensitive to distortion effects. At 600 M eV/c, the 
measurements agree with the sign predicted by the DWIA. At 510 M eV/c, the 
fits are not sensitive to  A yy and give nonphysical results since A yy is restricted to 
the range - 1  to  1. Note the difference in the vertical scale between the left and 
right panels.
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distortion effects for both transitions. Hence, a high quality measurement of A yy 
would enable a  study of the  7r+ d —> pp mechanism within the nuclear medium.
The measured A yy in this work cannot provide such a study due to the small 
rank 2 tensor component of the target polarization (pzz — 0.16). A general ob­
servation which can be made for the  600 M eV/c bite is tha t the DWIA seems to 
agree with the sign of the measurements. However, the large uncertainties in the 
measurements do not allow more detailed conclusions.
At 510 M eV/c, low statistics coupled with the  small rank 2 tensor target 
polarization cause the measurements to be totally insensitive to A yy. An example 
is shown in Figure 51 where fits to  the relative yields are shown for cases where 
the rank 2  term  in (8 8 ) is free to  vary, set to zero, and set to an extremum (-1 ). 
All three cases produce equally good fits in term s of the reduced x2- In the case 
where A yy is a free param eter, as Figure 50 shows, the  measured A yy falls outside 
of the physically allowed range (-1 <  A yy < +1).
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Ayy free: y  = 0.960 
Ayy = 0: x  = 1.01 
Ayy = -1: X = 0.965
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Polarization
Figure 51: Relative yield plotted versus pz and fit to the param eterization given 
in (8 8 ) with and without the A yy term  and with A yy set to an extrem um  (-1). The 
reduced \ 2 is comparable in all cases. Thus, the measurements a t 510 M eV /c are 
not sensitive to A yy.
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Chapter 6 
Sum m ary and Conclusion
Analyzing powers were measured for the reaction ' Z r i ( x + ,  pp) resulting in transi­
tions to the ground state and 16.8 MeV excited sta te  of 5 He. The target consisted 
of dynamically polarized chips of 'LiH. The outgoing protons were detected in 
coincidence using an array of plastic scintillator A E-E detectors on one side of the 
beam and the SUSI magnetic spectrom eter on the  other side. M easurements were 
made for two spectrom eter mom entum settings (600 M eV/c and 510 M eV/c) in 
order to  fully cover the region of interest in the cross section. The measured vector 
analyzing power, A y, is found to  be consisten with zero for all transitions except 
for the  most backward angle in the transition to  the  excited s ta te  a t 510 M eV/c. 
An accurate measurement of the tensor analyzing power, A yy, was ham pered by 
low statistics.
Confidence in the measurements depends on accurate determ ination of the  ta r­
get vector and tensor polarizations as well as the identification of false asymmetries 
due to  system atic effects. The target vector polarization was verified through mea­
surements of the free x +p analyzing power which is in excellent agreement with 
the SAID phase shift calculation. A comparison of the 7Li and 1H NMR mea­
surements was also done and confirms the  concept of Equal Spin Tem perature 
(EST). EST was then used to  determ ine the target tensor polarization. Finally, 
the analyzing power for 4He was measured and found to be zero. This is a clear 
indication that there are no false asymmetries present.
119
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The measured analyzing powers were compared to  calculations based on the 
Distorted Wave Impulse Approximation (DWIA) formalism of Chant and Roos [8 ]. 
In this framework, absorption is assumed to  take place on a deuteron-like object 
and the incoming and outgoing particles are represented by distorted waves. The 
DWIA severely overpredicts the vector analyzing power for all transitions except 
a t the quasi-free kinematics. A detailed study of the  DWIA reveals th a t most of 
the analyzing power prediction comes from the distortion of the incoming pions. 
The distortion of the  outgoing protons has a  negligible effect compared to  the  pion 
distortion. In addition, a  further shortcoming of the DWIA is tha t it underpredicts 
the  magnitude of the  cross section.
Since the DWIA uses the phenomenological pp —> 7r+d production am plitudes 
of Bugg [46], phase shift calculations of the  d (7r+ ,pp) vector analyzing power using 
the Bugg am plitudes were compared with the d a ta  of Smith [17]. There is good 
agreement between the calculations and the da ta  confirming tha t the treatm ent 
of the underlying d ( 7r+ ,pp) kinematics in the DWIA is correct.
One possible source for the disagreement with the  data  is the treatm ent of the 
nuclear structure used in the DWIA. Niskanen et. al. [48] pointed out for the case 
of 3He tha t a  quasi-deuteron is much more compact than a free deuteron. They 
calculated the analyzing power for pion absorption on 3He using a model where the 
deuteron s-wave was replaced with a  T = 0  correlation function from Friar et. al.
[49] and compared it to  calculations done with the “traditional” quasi-deuteron 
model. The correlation function accounts for the short-range correlations between 
the nucleons and the  com pact nature of the quasi-deuteron. The analyzing powers 
calculated using the correlation function were very different from those obtained 
with the traditional model and, in addition, showed a  strong energy dependence. 
Consequently, the absorption model in the DWIA might be very sensitive to  the 
chosen nuclear structure input.
The DWIA does not take into account the propagation of the A through the 
nucleus. This is another lim itation since, in the energy region around 180 MeV, 
the pion absorption mechanism is dom inated by the  formation of an interm ediate 
AN state. Kyle et. al. [50] measured the  ratio of the cross sections for tt+ and
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nucleon knockout on 160  across the A  resonance. These data  showed ratios of 
up to 40 for the cross sections which is in complete disagreement with the ratios 
predicted by simple isospin considerations (see Section 1 .1 ). The difference in the 
ratios was explained by a  AN short range interaction in which an interm ediate A 
first knocks a  nucleon out and then decays into a pion and a  nucleon [51]. This 
process was also used to  give a possible explanation for the zero analyzing power 
in the ‘ Li{iz+,-k+y>) reaction [9].
In order to get a better understanding of the underlying physics, a more mi­
croscopic calculation is desperately needed.
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